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FOREWORD

This final report, entitled "On the Theory of Bulk Cavitation," presents

the results of a study by the writer for the Office of Naval Research under

Contract NONR 3709(00)--EPCO Project 106.

The author's approach to the problem benefited from many helpful

technical discussions, especially with Hans A. Snay and E. Swift, Jr. of the

Naval Ordnance Laboratory, and William Murray, Heinrich Schauer, and R.R. Walker

of the Naval Ship Research and Development Center. The support, understanding,

and generously given assistance by the project officer, Jacob Warner, is

gratefully acknowledged.
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ABSTRACT

When the compressive shock from an underwater explosion intercepts the

free water surface, part of the shockwave energy is propagated into the over-

lying air and part is reflected back into the water. Early acoustic theories

failed to describe the transmitted and reflected waves because acoustic theory

implies a linear stress/strain relationship for the water--including the ability

of water to withstand considerable tension. The analysis provided in this report

assumes that the water can withstand no substantial amount of tension, so that

an incident shockwave causes a surface layer of the water to rupture and spall

upward. The region between the spall and the underlying (relatively) quiescent

water has long been termed the cavitated region, and the entire process has been

termed bulk cavitation.

The energy contained in the incident compressive shockwave is temporarily

stored in the kinetic and gravitational potential energy of the spall. When the

spall falls back and impacts (water hammers) the underlying water this stored

energy is re-emitted. The spalled interface behavior is essentially different

from the earlier acoustic interface picture, and the magnitude and shape of the

pressure waves in the overlying air and those generated in the water at the time

of spall impact are essentially different from that derived from the acoustic

interface assumption.

This report studies the mechanism of water rupture, cavitation, and

spall formation; studies the dynamics of this spall and cavitated region; studies

the dynamics of spall impact and generation of secondary waves under water. The

study concludes with a discussion of the air blast wave shape to be expected when

the water surface moves in accord with the spallation and cavitation picture.

v Preceding Page Blank
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ON THE THEORY OF BULK CAVITATION

I. INTRODUCTION

When the pressure wave from an underwater explosion arrives at the water

surface, a reflected wave is generated which is rarefactive. It is easily shown1

that, when the strong rarefactive front progresses into the waning portions of the

incoming compression wave, the net stress in the medium is a tension. Meticulous-

ly clean water is able to withstand a considerable amount of tensile stress; but

seawater, because of the abundance of impurities, can withstand very little ten-

sion. Consequently, the above described tensile wave cannot propagate as such;

rather, the water ruptures and the pressure in the ruptured water falls to the

vapor pressure of water--zero for all practical purposes when we are dealing with

pressures produced by underwater explosions.

When such a rupture process takes place, a layer of water near the sur-

face spalls upward. It no longer has any tensile stresses at its lower boundary

tending to return the water particles to their original, pre-shockwave position;

the motion of the spalled water layer is determined by the pressure in the atmos-

phere overlying the spall, and by the acceleration of gravity. The motion of such

a spalled water surface is essentially different from what one obtains by simple

acoustic analysis, where it is implicitly assutued that the water can sustain ten-

sile as well as compressive stresses. This spall-type motion of the water sur-

face will accordingly produce pressure waves in the overlying air that are essen-

tially different from what one would expect from acoustic surface behavior.

1

Cole, Robert H., Underwater Explosions (Princeton University Press,
Princeton, N. J., 1948), p. 261
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The spalled water layer is driven back downward so that ultimately it

must impact the underlying water; the dynamics of this process produces a traveling

source of secondary pressure waves in the water. This traveling source is tanta-

mount to a generator of "sonic boom"; because of focusing effects, there are cer-

tain locations underwater where the secondary pressures become intense.

The significant role that spalled surface behavior plays in the production of air

blast waves and in the production of underwater secondary pressure waves has promp-

ted this inr"estigation.

The intervening region between the upward traveling spalled water layer

and the underlying (relatively quiescent) water necessarily has an average speci-

fic volume greater than that of seawater. This intervening region is termed the

cavitated region; and the entire process has for some time been termed Bulk Cavi-

tation.

A large fraction of the total explosion hydrodynamic yield becomes tempor-

arily stored in the bulk cavitation process; and the stored energy is later re-

emitted when the cavitation closes. For an underwater explosion one-half of the

shockwave energy intercepts the water surface and thus becomes involved in pheno-

mena, such as bulk cavitation, at the surface. Even after discounting that por-

tion of the shockwave energy which intercepts the surface at grazing angles (large

distances from surface-zero) where bulk cavitation phenomena are relatively insig-

nificant, the fraction of shockwave energy emitted by the explosion and signifi-

cantly involved in surface effects is still large; hence, pressure waves in the

air and in the water have their character largely influenced by the bulk cavita-

tion process.
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2Bulk cavitation was analyzed by Kennard approximately 25 years ago., It

plays a role not only in connection with a free surface--as we are studying here--

but also plays a role when an underwater shockwave interacts with a compliant,

inerLially loaded suL;fce, such as a hull plate; Kennard also investigated this

aspect 3 . In 1961, the writer investigated in detail the mechanisms of water rup-

4
ture , and the dynamics of cavity growth and closure and consequent water hammer.

Equations of motion were set up; results were obtained by machine computation. In

1962, there was further investigation of the extent of the cavitated region for a

spherical explosion and investigation of the "sonic boom" effects due to the dyna-

5mica of cavitation closure . In 1965, the bulk cavitation phenomena associated

6with a compliant plate were studied

Section III of this report sets up the equations of motion and obtains

closed form solutions describing as functions of time: (1) spall thickness, (2)

spall surface position, (3) spall surface velocity, (4) spall surface acceleration;

and in particular, determines the depth at which closure occurs and the impact

velocity with which the spall hammers the underlying water.

2E. H. Kennard, Phys. Rev., 63, 172 (1943).

3E. H. Kennard, "Explosive Load on Underwater Structures as Modified by
Bulk Cavitation," Report 511, David Taylor Model Basin (1943).

4Vincent Cushing, "Study of Bulk Cavitation and Consequent Water Hammer,"
Final Report for Office of Naval Research under Contract Nonr-3389(O0), October 31,
1961.

5Vincent Cushing, George Bowden, and Dean Reily, "Three-Dimensional Analy-
sis of Bulk Cavitation,' Report for Office of Naval Research under Contract
Nonr-3709(O0), September 24, 1962.

6Vincent Cushing and William Losaw, "Hull Plate Deformation from Under-
water Shockwaves," Report prepared for Underwater Explosions Research Division of
DTMB under Contract N189(181)-56855A(X), July 30, 1965.

SI _ ! I I I ... ... . . _ __
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In Section IV we make a change of variable so that the general solutions

obtained in Section III can be used to obtain results for underwater shockwaves

that strike the free water surface at arbitrary angles of incidence. We solve

the equations for the condition where the underwater shockwave consists of a

shock rise with exponential tail-off typical of underwater explosions. The

Appendix provides tabulations of the solutions to these equations a3 a function

of wave length for exponential waves.

In Section V, we study the spallation and reloading dynamics, including

the generation of secondary pressure waves in the water for a spherically sym-

metric explosion, and compare analytical results with the experiments reported

7
by Walker . In Section VI, we indicate the implications to the air blast

pressure signature.

7 R. R. Walker and J. D. Jordon, "A Study of the Bulk Cavitation Caused by

SUnderwater Explosions," DTXB Report 1896, September, 1966.

Ii
'I - i__ ~~-- _________-
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II. FORMATION OF CAVITATION

A detailed description of the mechanics of cavitation and the extent of the

cavitated region is provided in references 3 and 4. Here we will review briefly

the shockwave motion toward the water (free) surface, and the motion of the re-

flected rarefaction. We will set up an expression for the pressure that would

exist at the rarefaction front if one permits sizeable tensile stresses in the wa-

ter, and from this we can determine the depth--the onset depth--where rupture of

the water or cavitation first takes place. We will then set up an expression for

the velocity of the water particles in the cavitated region, and from this we can

determine the depth--the termination depth--beyond which ..avitation or rupture can

no longer take place. Finally, we will see that the cavitated region exists for

a very long duration compared with the time it takes the causative rarefaction

front to traverse the entire cavitated region; hence, as an approximation we will

be justified in later analyses in assuming that the entire cavitated region is

formed instantaneously.

To keep the discussion simple at the outset, we will discuss a one-dimen-

sional shockwave traveling vertically upward and incident normally at the free

water surface. In Section IV we show how the results--with simple redefinition of

the variables--are applicable to shockwaves with arblLrary angle of incidence.

A. Wave Propagation

At a time before the incident shockwave strikes ýhe water surface, the

pressure p as a function of water depth z is as indicated in figure 1. The pres-

sure p is indicated by the solid curve: it is the superposition of atmospheric

pressure, hydrostatic pressure, and shockwave pressure.

When the incident compression wave is reflected from the free water sur-

face, a reflected rarefaction wave must be generated such that the pressure at

I
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the water surface is atmospheric precsure pa" A portion of the pressure wave is

also propagated out into the air; however, since the specific acoustic impedance

of water and air differ by a factor of 3,600, we can for the moment neglect the

airwave pressure and simply require that the pressure at the surface be atmospheric

pressure p The front of the rarefaction wave must have a strength of the same

magnitude as the incoming shockwave, and as this strong rarefaction front pro-

gresses into the waning portions of the incident shockwave, the total pressure p

is as depicted by the solid curve in figure 2.

If the incident shock peak pressure p is sufficiently large, then it is

possible, as shown in figure 2, that the total pressure p becomes negative beyond

a certain onset depth z 0

If water could withstand substantial tensile stress, these presszr• waves

would propagate in acoustic fashion. Negative pressure in water is an unstabie

condition; the stable condition is that the water will rupture so that its speci-

-ic volume increases by vaporization, and the stable pressure is the vapor pres-

sure--effectively zero on the scale of pressures of interest in underwater shock-

waves. The unstable condition of large tension has been observed in very pure

water contained in capillaries; but in seawater, where there is numerous foreign

matter which serves as the nucleus for vaporization, we can expect that the water

is unable to sustain tensile stress, and we will henceforth assume that the pres-

sure in the cavitated region is zero. This assumption seems to be borne out by

the experimental results shown in reference 7.

B. Pressure at Rarefaction Front

As indicated in figure 2, the minimum pressure at any instant in time

occurs at the front of the reflected rarefaction wave. If rupture of the water

is to take place, the total pressure p at this front must at some depth reach
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zero. For example, if the incident shockwave consists of a shock rise to peak

pressure p0 and with exponential tail-off of wave length X, i.e., if it is of the
-(t+z/c)/X

form p0 e , then it has been shown that the total pressure p as a func-

tion of depth z--neglecting cavitation--is described by
- 2z/\)

P = )a + ogz - p(l - e ), (1)

where p a is atmospheric pressure; pgz is hydrostatic pressure; and -p (1 - e 2z/X

is the pressure contribution due to the peak rarefaction pressure plus the waning

portions of the incoming compressive shockwave.

In figure 3 we show as pressure curve III one that does not have any mini-

mum value in the water; and at the surface its value--in coimmon with all three

pressure curves--is equal to the atmospheric pressure pa- With a pressure ex-

pression as described by equation (1) such a type III curve can occur if p is

too small and/or if the shockwave wavelength X is too long. Such a wave cannot

produce cavitation.

Curve II in iigure 3 satisfies the requirement that the minimum pressure

occurs in the water, i.e., at positive values of depth z. However, we have the

additional requirement--if cavitation is to occur--that the total pressure reaches

a minimum value which is negative for some positive value of depth z.

C. Onset Depth

From figure 3 we see that the total pressure p first reaches zero--and

cavitation commences--at the onset depth zo; from equation (1) for exponential

type waves, this onset depth z must satisfy the transcendental equation

-2z /A
0 Pa + P-gzo - P( e 0 (2)

S- m n ar ]o o],.
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If z / is sufficiently small, the solution to equation (2) is approximated by
0

A Pa
0o/ 2po0 - PgX (3)

The term pgk is the hydrostatic pressure at depth X--it is an expression that will

show up repeatedly in bulk cavitation analysis.

D. Particle Velocity History

Figure 4 shows the motion of water particles at various initial depths.

In figure 4 water depth z is measured vertically downward; and time t is the ab-

scissa. In that figure we see the trajectory of the incoming shock front and also

the trajectory for the reflected rarefaction front. All water particles are qui-

escent prior to arrival of the incoming shock front. Immediately after arrival of

the shock front, the water particle is traveling upward with particle velocity

computed in the usual fashion--for the pressure levels of interest we generally

compute this particle velocity in accord with the acoustic approximation.

When the incoming shock front strikes the free surface, a rarefaction

wave is reflected back down into the water; the trajectory of the reflected rare-

raction front is also shown in figure 4. The rarefaction wave causes a further

increase in upward velocity of the water particles. As indicated earlier, the

total pressure p in the water remains positive until a certain depth zo, as indi-

cated in figure 4; to this depth we can compute water particle velocity by the

acoustic approximation. According to such a computation, the particle velocity

in the neighborhood of the surface z is given by the usual expression 2 p /oc where
s 0

Oc is the specific acouszic impedance for water. Thus, the water surface initially

takes off with a surface rate as depicted in figure 4.

Let us now compute the upward particle velocity of the water immediately

after passage of the reflected rarefaction front. When the reflected rarefaction

o I
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Zo3

ZC•

..OWER BOUNDARY OF
CAVITATED REGION, ZB

Z' TRAJECTORY OF REFLECTED
x RAREFACTION FRONT

Id x

ZT =----

tIT t21.2

ZT- 0 TIME t

Figure 4. motion of water particles at various depths, ranging from zs (the water
surface) to zo (the depth of cavitation onset), zc (the depth of cavitation closure),
and zT (the terminal depth beyond which there is no cavitation). The particle originally
at depth z• is typical of the water particle which is accreted to the lover boundary zL
of the spail. The wator particle of depth Z2 follows a ballistic trajectory till it
falls back to its original depth.

__ "--
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front has reached a depth z, the particle velocity ui just below the front--due

to the waning portion of the incoming compression wave--is vertically upward (i.e.

negative in our coordinate system) and computed in the acoustic approximation to

be (see reference 3)

-2z/X

uI Oc (4)

If the water behaves acoustically, i.e., can withstand any required extent of ten-

sile or compressive strength, the reflected rarefaction front drops the pressure

by an amount po; in the acoustic approximation, the upward velocity increment u

due to this pressure change is described by

ur - p C/c , (5)

For an acoustic medium, the upward particle velocity after passage of the re-

flected rarefaction front would be the sum of u and u expressed in equations (4)
Sr

and (5).

However, seawater cannot withstand the required tensions, and therefore

for depths greater than the onset depth z0 , the reflected rarefaction front can

do no more than drop the pressure to zero (more precisely, the vapor pressure of

water). The pressure pp in the w~ter immediately below the rarefaction front is

expressed by

Pp P + Pgz + poe X (6)
a 0

-2z/l
where pa is atmospheric pressure, pgz is hydrostatic pressure, and poe is the

pressure remaining in the waning portions of the incoming shockwave. The reflected

rarefaction front drops the pressure in the water by the amount p expressed by
P

equation (6). The process of dropping this pressure takes place before the water

has actually ruptured; hence, the increment in particle velocity u due to this

p

pressure drop can be computed in the acoustic approximation. The pressure drop

~. ~--
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from p to zero by the rarefaction front causes an upward increment in particle

velocity u described by
p

Up -p p/cc (7)

The total particle velocity itmmediately after passage of the reflected rarefaction

front is the sum of: (1) the velocity ui, i.e., the particle velocity in the wa-

ter just prior to arrival of the reflected rarefaction front; plus (2) the incre-

ment in particle velocity up due to the pressure change pp caused by the rarefac-

tion front. Therefore, the particle velocity u(z) at depth z in the water immed-

iately after passage of the reflected rarefaction front is the sum of equations

(4) and (7)

u(z) = -(pa + pgz + 2p oe 2Z)/X c (8)

We use a minus sign in front of the expression in equation (8) because, in our

analysis, we are measuring z vertically downward; the "launch velocity" u(%) im-

mediately after passage of the reflected rarefaction front is upward.

E. Instant Cavitation Approximation

The reflected rarefaction front travels at the speed of sound in water c.

Therefore, the particle at depth z is launched at a time z/c. As suggested in

figure 4, we find that the motions of the particles in the cavitated region and

the motion of the overlying spall take place during times which are very large

compared with z/c; and so we will henceforth simplify the analysis by neglecting

the time z/c, i.e., by assuming that at all depths z the water particles are

launched at time t equal to zero, as shown in figure 5. With this instant cavita-

tion approximation, we assume that all water particles beyond the onset depth z0

are launched simultaneously at time zero, and that the "launch velocity" with the

particle at depth z is expressed by equation (8).

Ii

____________________________________________
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Figure 5. Water particle trajectories under the approximation that the transit
time of the rupturing rarefaction front is negligible compared with the trajectory
times of the cavitated water.
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We will see later that, depending on the shockwave peak pressure po there

is a certain depth ZT--as depicted in figures 4 and 5--beyond which the cavit tion

process cannot taL-e place. For depths less than the onset depth z and greater
0

than the termination depth ZTs the specific volume of the water is that of liquid

water, with only slight variations in specific volume which are in accord with the

acoustic approximation.

Between the onset depth z: and the termination depth zT the water has rup-

tured or cavitated; it has vaporized to the extent necessary. Macroscopically,

the specific volume can increase considerably beyond that of ambient seawater; to

achieve this macroscopic increase in specific volume, we can imagine the cavitated

region to consist mostly of liquid water with numerous water vapor bubbles dic-

persed throughout the volume, or we may alternately envision it as numerous liquid

water droplets dispersed throughout a volume of waLer vapor.

Since the pressure throughout the cavitated region is virtually zero (the

vapor pressure of water at standard temperature), there is no pressure gradient

throughout the cavitated region. Therefore, only the body ýorce of gravity acts

on the cavitated water particles, and hence, each water particle, once launched by

the reflected rarefaction front, follows a ballistic trajectory. Conservation of

matter considerations indicate that a water particle ,:an follow this "cavitated

trajectory" only while it is at a depth less than its quiescent depth. For ex-

ample, in figures 4 and 5 we show a water particle initially at depth z 2. It can

exist in a cavitation condition during the parabolic trajectory indicated, but

when this parabolic trajectory falls back to the pre-shockwave depth, the cavita-

ted condition is terminated. If after flow is taken into account, the water

particle initially at depth z 2 will complete its trajectory when it returns to

a depth somewhat less than the initial depth.

________________
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F. Closure From the BEttom

Figures 4 and 5 depict the locus of the lower boundary of the cavitated

region. At the terminal depth zT the water is launched into ballistic trajectory

with velocity u(zT). The equations which allow one to solve for the termination

depth zT are discussed later. Since this water travels under the action of grav-

ity alone, the water particle at this termination depth will fall back to its am-

bieat depth at a time tT described by

2

tT -9 U(zT) (9)

(again we recall that, in our system of coordinates, the launch velocity u(z) is

negative--vertically upward). In other words, the cavitated region conmmences to

close from the bottom at the time tT. In general, a water particle at depth z

will fall back on the underlying water--i.e., will fall back to its original depth

-- at a time t described by

2
t = - - u(z) (10)g

If the incident shockwave has a shock-rise with exponential tail-off so that the

launch velocity is as described by equation (8), cavitation closure from the bot-

tom--i.e., the t versus z curve--has the general shape of the curve labelled

"Lower Boundary of Cavitated Region" shown in figures 4 and 5.

G. Closure From the Top

The liquid layer or spall is contained between the curves labelled z and

zL as depicted in figures 4 and 5. At any instant of time, this liquid layer is

forced downward by: (1) the body force of gravity, and (2) atmospheric pressure

acting on the upper surface of the 3pall. Hence, the spalled liquid layer is ac-

celerating downward note rapidly than if it were acted upon by the force of gray-
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ity alone. If we now follow a water particle at depth z1 as shown in figure 4,

we know that, once launched in its cavitated trajectory, it follows a ballistic

trajectory. It follows that the more rapidly acýelerating liquid apall layer

"overtakes" a particle that was launched from the depth z In other words, the

mass and momentum of the water particle originating at depth zI is at some time

accreted to the lower boundary zL of the spall. In Section III we will take this

accretion of mass and momentum into account in setting up the equations of motior

of the spall.

Because of this continuing accretion process, the thickness of the spall

grows. When the zL curve intersects the zB curve shown in figures' 4 and 5, cavi-

tation is finally conc'uded. The depth at which this closure or conclusion takes

place iL the depth zc as shown in figures 4 and 5. The time of closure is equal

to the ballistic trajectory time of the water particle launched from depth zc .Ic

At the time of closure, the liquid spall contained between z and z has

a vertically downward momentum; this momentum is suddenly arrested by impacting

on the underlying water, and this impact or "water hammer" is a source of second-

ary pressure waves. These will be studied in more detail in Section V of this re-

port.

H. Termination Depth

Once cavitation is initiated, the reflected rarefaction front can con-

tinue to cavitate water as it progresses to deeper depths provided the launch

velocity gradient du(z)/dz s u'(z) is favorable. The lower bound of the cavitated

region zT is determined hy noting when the launcd velocity gradient becomes un-

favorable, i.e., the termination cGepth is determined by

u (zT) 0 (11)
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Fot the shock-rise and exponential tail-off incident wave where the

launch velocity u(z) is as described by equation (8) we find the follcwing rela-

tionship for the termination depth zT,

iT 0n (4p /PgX) (12)

rI

" ' " lli - • -• ? . . ... I '
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III. ANALYSIS

In earlier sections we described the cavitated region as one where the wa-

ter had ruptured and where the (macroscopic) specific volume could increase con-

siderably beyond that of liquid water. Overlying this cavitated region is a liq-

uid layer of water--the spall--which is driven downward by gravity and the over-

lying air pressure acting at its surface. The spall is thus driven down into the

cavitated region, accreting momentum and mass from the cavitated water particle$;

the spall thus grows in thickness during its trajectory.

From figure 6 we note that the water particle originally at depth z becomes

accreted to the spall at a time when the spall has reached a thickness of z. This

simply says that the liquid water making up the spall of thickness z must have de-

rived from the liquid water which originally was contained between the water sur-

face and depth z.

At the time that the spall has achieved a thickness of z, its surface is

at the position zs. From figure 6 we see that the cavitated water particle ori-

ginating from depth z has risen--in ballistic trajectory--to the height z at the

instant that it accretes to the spall.

A. Equations of Motion

In the following analysis, the time t is the independent variable; z(t)

is the thickness of the spall; z (t) is the position of the spall surface.

Conservation of momentum requires the following equation be satisfied (we

will discuss each term following the equation)

pzi V
pzTs - 0 u(z)dz u pgzt + pt . (13)

ofi 0

The first term on the left of equation (13) is the momentum of the spall at time

t; the second term on the left of the equation represents the total momentum in

Spi n K
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the water to depth z at the onset of cavitation. The left hand side of the equa-

tion therefore is the change in momentum of all the water originally contained be-

tween the water surface and depth z. The first term on the right hand side of

equation (13) is the gravitational body force--acting through time t--applied to

all of the water contained between the surface and depth z; the second term on the

right is the atmospheric pressure--acting through time t--applied on the upper

surface of the spall. Since the cavitated region under the spall is at vapor pres-

sure--virtually zero--there is no surface force on the under side of the spall.

The two terms on the right hand side of equation (13) therefore represent the im-

pulse applied during the time t to all of the water contained between the water

surface and depth z.

We have already indicated in our discussion of figure 6 that the water

particle launched from depth z rises in a ballistic trajectory by an amount z at

the time it accretes to the spall. We therefore have the following relationship

(recall that z is measured vertically downward, and u(z) is a negative number

since the cavitated water is launched vertically upward)

z = t u(z) + x t 2  (14)

If 2

If we differentiate equation (14) with respect to time and substitute 8 into
S

equation (13) we obtain, after some manipulation,

ziu'(z) + - [tziu'(z)l pa/P (15)
dt a

where i denotes the time derivative of z; and u'(z) denotes du/dz.

Equation (15) allows one to solve the spall thickness z as a function of time t.

It is interesting to note that spall growth depends only on the form of u(z) and

on the overlying air pressure pa which drives the spall downward, accreting the

aT
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mass and momentum of the underlying cavitated water. As one would expect from

dynamics in a uniformly accelerating coordinate system, z(t) should not depend

on the gravitational acceleration g.

B. Solutions

The solution to equation (15) is

zue (z) = pa/2p (16)

If we separate variables in equation (16) and integrate, we obtain
z

t zu (z)dz (17)
Pa

This can be alternatively written as

t = _ zu(z) - u(z)d (18)Pa z

pa

The launch velocity u(z) depends on the wave shape of the incident shock-

wave; for a shock-rise to peak pressure p0 with exponential tail-off with wave

length X, u(z) has the form of equation (8). Once u(z) is established, equation

(17) or (18) becomes a relationship implicitly giving spall thickness z as a func-

tion of time t. If equation (17) or (18) is substituted into equation (14) we

then also can describe the position of the spall surface z3 as a function of time.

In Section IV of this report, we carry out solutions of these equations for expon-

ential waves.

We reiterate that we have simplified the analysis by making the "instant

cavitation approximation" described earlier. Thus equations (14)and (15) are

valid only when z(t)<< ct. This inequality holds for most explosion configura-

tions of interest after cavitation has commenced, i.e., for t / Ic, where z0 0

is the cavitation onset depth describco in Section TIC.

Li
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IV. SPALL DYNAMICS WITH EXPONENTIAL WAVES

Pressure waves from underwater explosions are generally depicted as having

a shock-rise to a pressure p followed by an exponential fall-off in pressure with

a wave length X, where ý is the distance behind the shock front where the peak

pressure has fallen to I/e of its value. In this section, we will obtain solu-

tions to the equations already developed for such exponential waves--further tak-

ing into account that the shock wave can make an angle of incidence Ca with the

free surface, as shown in figure 7.

Analytically, the incident pressure wave pi is of the form

-(t + az/c)/T t + az/c a 0 (19)

=0 t + az/c < 0 (20)

where a =eos a; z is depth measured from the surface ; T = ?./c.

Similarly, the reflected rarefaction wave p is described by

Pr = -P az/c)/ t - az/c > 0 (21)

-0 t -az/c < . (22)

Our objective is to find the vertical component of the water particle vel.-

ocity immediately after passage of the reflected rarefaction front, i.e., our ob-

jective is to ascertain the cavitation launch velocity u(z). Following the dis-

cussion in Section II of this report, and observing the geometry of figure 7, we

note that the vertical component of particle velocity in the incident wave just

prior to arrival of the reflected rarefaction front is u described by

~ -~----)-
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-2az/kI (23)
ap e

U, 0
PC

The pressure p [analogous to that discussed in equation (6) on page 13 of this

report] in the water just prior to arrival of the rarefaction front is

-2az/X (24)Pp Pa + •gz + pe f
When cavitation takes place, this pressure p is dropped to zero, and this pres-

sure reduction imparts a particle velocity component ur normal to the rarefaction

front (see figure 7); the vertical component of particle velocity is u described

by

u= - ap /pC (25)
p p

The launch velocity u(z) of the cavitated water is the sum of ui and u described
P

by equations (23) and (25) taking into account equation (24), we obtain finally

u(z) = - a (p + pgz + 2 p e2az/ )/pc (26)

where again we note that the minus sign occurs in equation (26) because we measure

"z vertically downward, whereas the cavitation launch velocity u(z) is vertically

upward. Equation (26) is valid in the cavitated region, i.e., where z ° z %

(z° is the depth of cavitation onset; zT is the depth of cavitation termination).

We now make the following definitions of variables:

L = X/a ; (27)

Z = z/L ; (28)

T = X/c (29)
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PL = gL/p a (30)

P = Po/P a (31)

L is the modified wave length of the incident shock wave, taking into account the

angle of incidence CV; T is the characteristic time of the incident shock wave; Z

is the dimensionless depth (taking into account the angle of incidence a'); PL is

the hydrostatic pressile at depth L, expressed in atmospheres; P is the peak

pressure of the incident shock wave, expressed in atmospheres. In terms of these

new variables, equation (26) can be rewritten as

u(Z) - Lo +-P z +2 2 (32)
0Cc P p

0 0

A. Spall Thickness Versus Time

If we make the necessary change in variables in equation (18), use equa-

tion (32) and carry out the indicated integration, we obtain the following ex-

pression for the real time t

t = 2¶P T seconds , (33)0

where the dimensionless time T is defined as

PL
T i-GI + 2Z)e- 2Z _ a Z2 (34)2P

The real time t is largely proportional to the shock strength po--'spec-

tally so when po is large; we therefore find it convenient for computational tab-

ulations in the Appendix to employ a reduced time t defined by
P

t t/ap seconds per unit-pressure (35)
p o
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This can be written for computational purposes as

t =2L T seconds per unit-pressure (36)
a

If atmospheric pressure pa is expressed in psi (14.7 psi) and the speed of sound

in water is taken as 5 feet per millisecond, equation (36) for computational

purposes can be written as

t = LT/36.75 milliseconds per psi, or
seconds per thousand psi (37)

The results of computer runs employing equation (37) are tabulated in the Appenl-

dix.

B. Spall Surface Position Versus Time

Since we now have an expression for real time t as a function of spall

thickness z, we can substitute into equation (14) to find surface position z as

a function of time; we obtain

2(ap )2
2 2 LZ (38)

Oc pa

where the dimensionless surface position Zs is defined by

-2 [ PL -2Z T (39)

Since the surface position z is largely proportional to the square of thes

incident shock wave pressure p (more specifically, proportional to the square

of the "vertical component of pressure" apo), we find it conveniert to define a

0-
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reduced surface position z defined by
sp

zsp Z s/(ap )2 (40)

For computaticnal purposes, this is

576
zsp 147 LZ feet per thousand psi squared. (41)

To deteimine the coefficient of LZ in equation (41) we have taken the density ofs

seawater p to be equal to 2 slugs per cubic foot; and noted that we must allow for

the conversion factor from psi to pounds per square foot if we want to express

equation (41) in terms of feet per thousand psi squared. Results of computer runs

with equation (41) are tabulated in the Appendix.

C. Sp4_ Velocity Versus Time

To find an expression for the surface velocity i , we differentiate equa-

tion (14) and obtain

= aP° U (42)

where U is the dimensionless surface velocity defined bys

=- 2 [ + Z+PzQL +e)- 2] (3+)

IZPO (43)

The dimensionless velocity U is in a form useful for computation purposes; it
s

is already normalized to the vertical component of particle velocity in the inci-

dent shockwave. Results of computer runs using equation (43) for the dimension-

less or scaled velocity are tabulated in the Appendix.
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D. Spall Acceleration Versus Time

To find the surface acceleration i , we differentiate equation (42) and
s

obtain

S=•dU MdT (44)
s 2PL s

where

dU /dT = 2P G (45)

s L s

and where

GI1 Te 2 zG = I+ z3

L 8PZ L (46)

G is equal to / /g, i.e., it is the surface acceleration expressed in "gees."
S s

Results of computer runs employing equation (46) are tabulated in the Appendix.

E. Onset Depth

By following an analysis similar to that leading to equations (2) and (3)

in Section II, we find that the onset depth Z must satisfy the relationship0

P -2Z~
1. L - 0p T e+ T (47)
0 0

if Z is sufficiently small, the solution to this equation is approximately

oz

2o-PL (48)

F. Termination Depth

Following the analysis leading to equation (12) in Section II, we find

A
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that cavitation terminates at the dimensionless depth ZT expressed by

Z In (4Po/P) (49)

G. Closure Depth

The dimensionless closure depth Z occurs when the expression in the brack-

ets of equation (39) reaches zero, i.e., when the surface position returns to zero.

This zero can be found by nunerical methods on a digital computer, as is done in

the Appendix. In the strong shock approximation where P is very large compared
0

with PL' the zero of equation (39) is found by solving the following simpler,

although still transcendental, relationship

2Zc
e -2Z - l+-- f0 (50)

c PL
L

The relationship indicated in equation (50) is shown in figure 8, where Z is
c

plotted as a function of PL'

Inspection of equation (50) discloses that when PL is very small (i.e.,

very short wave length exponential waves), then Z is large and expressed approxi-

mately by

Z In ( for P << I ; (51)

whereas when PL is large (i.e., long wave length exponential waves), Zc is small,

expressed approximately by

Zc PL for P L >> 1 . (52)

c-L-



33

Id1  -r 10,000

a--

16 2- 1000

z z

U)
z z
wL w

16 100

154 10

10 1.0 0.1 0.01

DIMENSIONLESS CLOSURE DEPTH Zc

Figiure 8.



34

Equations (51) and (52) are approximations in terms of the dimensionless varia-

bles Zc and P L Using equations (27) through (31), we can rewrite equations (51)

and (52) in terms of the real closure depth z and the real wave length X as

z k ln (2ap /gX) for gk << a , (53)

c - 2a a , (5a

and

z (Xp/oga)' for pg >>ap (.54)

where o is the ambient density of seawater; g is the acceleration of gravity; pa

is atmospheric pressure; and a = cos o where o is the incident shockwave's angle

of incidence with tha free water surface.

H. Closure Time (Stronp Shock)

After the closure depth Z has been found from the foregoing equations,
c

the closure time T ccan be foun~d by substitution into equation (34). In the strong

shock approximation where P0 is very large compared with P we have

-2z
T - 1 - ( + 2Z,) e c (55)

or, making use of the relationship of equation (50) which holds at the time of

closure

Te1
Tc I+PL/2+P Z (56)

L L c

In the approximation that Zc is small (i.e., that PL is large), we have

Tc -- 2 L L (57)

-IL
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In terms of real time, the time of closure t from equation (33) can be
c

written

t l [- 2g for >> 1 , (58)

or

S2u I 2PfLr
s1 - for PL >> 1 (59)tc g- g L ~

where u is the peak water velocity at the free surface due to reflection of the
s

incident shockwave (i.e., u is twice the vertical component of the particle vel-

ocity of the incident shockwave), described by

us = 2ap 0 /PC , (60)

where po/PC is the peak particle velocity in the incident shockwave, and a is the

cosine of the angle of incidence of the incident shockwave. We note in equation

(59) that 2u /g is the time of flight, under the action of gravity alone, of a
S

particle launched with velocity u . Hence, when Pis very large--when we have a

long wavelength incident shockwave and/or when the angle of incidence with the

free surface is very large--a good approximation for the time of flight of the

spall (i.e., the time at which cavitation closure oczurs) is that it is launched

with velocity u and is acted upon by gravity alone; that is, we can neglect the

additional acceleration due to the atmospheric pressure p acting on the top side

of the spall. We will make use of this fact in Section VI, which is a discussion

of the effects of spall surface motion in the generation of air blast associated

with an underwater explosion.

When the scaled closure depth Z is large (i.e., when the dimensionlessC !
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wave length P is very small), we can substitute the approximation indicated by

equation (51) into equation (56) and find for the dimensionless time of closure T

cP L
T =1 - 1 + ln (2/P L) for PL << 1 (61)

In terms of real closure time t , this can be rewritten

t u --• i (l +i (2/P L for PL << 1 (62)c s ap a(2

where u is the peak surface velocity as defined by equation (60). From equation

(62) we note that for very short wave length incident shockwaves the pertinent

acceleration which determines the closing time is that due to atmospheric pres-

sure acting on the top side of the spall, i.e., the effective average acceleration

is 2ap a/Xo.

I. Spall Velocity at Closure Time (Strong Shock)

By substituting from equation (56) into equation (43), we find the dimen-

sionless #pall velocity U at the time of cavitation closurec

U 2PL/2 + 1/2Zc (

U -1 [P L/ + PLZ J (63

If the dimensionless wave length PL is very large, we have approximately

Uc Z 2 "1PL½] for PL >> 1 (64)

The real impact velocity uc for this long wave length approximation is therefore

Uc u s P1 " PP 1(I
IL Jfor »L 1> (65)
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From equation (65) we see that when the wave length of the incident shockwave

is very large and/or the angle of incidence with the surface is large, the spall

velocity at the time of impact uc is &pproximately equal to the vertical component

of the peak surface velocity due to the incident shockwave, i.e., approximately

equal to us as defined by equation (60).

When the wave length of the incident shockwave is vety small, we have the

approximation

S2
Uc In (2/P PL <<« , (66)

or, in terms of the real velocity u

u

Uc ln(2/PL) PL << 1 (67)

J. Spherical Explosions

The foregoing analysis has been carried out using a plane wave incident

obliquely at angle a against a free surface. Of central importance in the analy-

sis has been the form of u(z), i.e., the "launch velocity" of a particle which is

cavitated at depth z. For spherical explosions, one might expect that the fore-

going analysis would be applicable provided thj closure depth z were small com-
c

pared with the burst depth--that is, provided the phenomena took place in a region

such that the curvature were negligible.

It is perhaps surprising that the formulas derived with the foregoing

plane wave analysis agree quite well with experimental data even when the closure

depth z is at or well below the burst depth d. To see why this is so, we makec

reference to figure 9: a charge of weight W is burst at a depth d. The origin

of coordinates is surface-zero. We are interested in the form of u(z) as a
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function of the horizontal distance x.

In the usual fashion for the acoustic approximation, we use the image

source at the altitude d in order to account for surface reflection of the ex-

plosion. Following the approach earlier in this section, we must first find the

pressure and particle velocity in the main shockwave at the point (x,z) just prior

to arrival of the rarefaction front. The rarefaction front then drops this pres-

sure to zero, causing an additional increment in particle velocity in the direc-

tion of the image source (which is at altitude d). Then, u(z) is the vertical

component of velocity of this now-cavitated particle.

We have the following geometric relationships

2 2 2 2
r = x + (d-z) = r + z(z-2d) , (68)

2 2 2 2
r2 2f= x + (d-!-z) = r + z(z+2d) (69)

The pressure in the compression wave at (x,z) at the instant just prior to arrival

of the rarefaction front is p

Kwl/3 - (r 2 -rr1 /X

Po -r e-( (70)

where W is the weight of the explosive charge, and K is a constant of proportion-

ality.

The vertical component of p"rticle velocity ulv in the compression wave at

this instant is

udze 2 " r2)/ (71)
oc rI
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The iarefact ion fr( drops the pressure p in the compression wave to zero, and

in the process, imparts an increment of particle velocity normal to the rarefac-

tion front. The vertical component of this increment due to cavitation is

U KW 1/3 (d4z -(r.., - r 1)/,2)k crd-Z, (7 2)
_ 2v cc r Ir 2

Again we assume that cavitation takes place instantly that is, that the

propagation time of the cavitating rarefaction front is negligible compared with

the times of interest in the spall motion. The cavitation launch velocity tLnc-

tion u(z)--which we hereafter will write in the form u(x,z) to indicate that it is

a function of horizontal distance from surface-zero--is the sum of equations (71)

S~and (72)
n )u(xZ) k 1/3 e - (r2 " rl) 1d-Z + +z (73)

Using equations (68) and (69), the exponential in equation (73) can be

written approximately

e-(r 2 - r 1 )/4 e- 2zd/rxX t a-(k-)] (74a)

r
X

and the remainder of the geometric terms in equation (73) can be written approx-

imately

-Z + d.Z r _ - (z/rr 1 + zd/r /r Ar1 r 2 xL X x (74b)

In terms of these approximations, equation (73) can be rewritten as

2 x X + -- i - (zlr ) 2 /r 2 (75)
u(x-Z) -uxo)e + zd/rX x

x

-1 .
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where

u(x,0) 22dKW 2 (7b)
2pe r

x

In equation (76), u(x,O) is recognized as the surface velocity at distance x from

surface-zero when the peak pressure relationship is as described by equation (70).

From figure 9 we recognize that

d/r = cos a (77)x

so that the dimensionless depth Z, as defined in equation (28), is

-:d/kr = Z (78)
x

Equation (75), then, indicates that the earlier derived equations for spall dyna-

mics may give approximately reasonable answers at depth z for spherical explosions

provided that the burst depth d and the closua'e depth z satisfy the inequalities

2
iz /r 12<< I,(79a)

and
S2

jzd/rxj << I (79b)

K. Comparison With Experiment

R. R. Waler8 reported on a series of explosicn tests conducted in Chesa-

peake Bay during 1962 by the Underwater Explosions Research Division of the David

Taylor Model Basin. The tests were specifically designed to gain experimental

inform•iton concerning bulk cavitation from underwater explosions. All of the

8 loc. cit.
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analytical results presented here were not yet available at the time Walker re-

duced his data. However, a preliminary, simplified analysis had been carried out

so that there were available at that time: (1) equation (50) above, which defines

the dimensionless closure depth Zc as a function of dimensionless wave length PL;

(2) equation (56) above, which defines the dimensionless closure time T as a
c

function of dimensionless wave length PL and dimensionless closure depth Z ; and (3)c

equations (47), (48), and (49) above, which describe the boundaries of the cavi-

tated region.

The UERD Chesapeake Bay series consisted of seven explosion tests. The

charge weight in each tz•c was 10,000 pounds HBX-I. Four of the charges were

detonated at a depth of 50 feet, three at a depth of 100 feet; the water depth was

approximately 150 feet.

Walker reports that the foregoing equations provided good agreement with

his experimental data; and further, that spot checks with other data indicated

the relationships were valid for a wide range of charge sizes and geometries. The

predicted time of 4losure was generally slightly larger than the value measured;

this is ascrib-ý to the fact that the foregoing analysis neglects afterfiow, which

raises slightly the level of the underlying water so that the spall completes its

trajectory and impacts slightly earlier than it would if the underlying water had

not been raised by such afterflow.

The data included in Walker's report also shoas agreement with some of the

wave shapes of the secondary pressure waves generated under water when the spalled

water layer impacts with the underlying water. These facets are discussed in Sec-

tion V of this report.
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V. SECONDARY PRESSURE WAVES UNDER WATER

So far in this report, we have studied the aspects of bulk cavitation and

motion and growth of the overlying spall which results when an underwater shock-

wave is incident and "reflected" from the free water surface. Just prior to the

instant of closure, the overlying spall has downward momentum; at the instant of

closure this momentum is arrested, i. e., there is a water hammer--generation of

secondary pressure waves. In this section we will examine the character of these

secondary pressure waves under water.

When a spherically symmetric explosion takes place under water, the main

shockwave is incident first at surface-zero; and the incidence of the shock front

with the water surface progressively moves outward thereafter from surface-zero.

At surface-zero, the main shock is most intense and is incident normal to the sur-

face, so that the vertical surface velocity Is correspondingly large. At greater

distances from surface-zero, the intensity of the shockwave is less because of the

greater distance from the Lurst point, and also the angle of incidence progres-

sively increases, with the consequence that the initial vertical surface velocity

is less as we recede from surface-zero.

In this section we are interested in the time of cavitation closure as a

function of horizontal distance from surface-zero. When we take into account: (1)

the time of arrival of the main shockwave as a function of horizontal distance

from su:face-zero; (2) the variation in initial surface velocity as a function of

distance from surface-zero--then it is clear that cavitation closure does not

occur s.imultaneously everywhere. Rather, we will find that the cavitation closes,

that is, the water hammer occurs, at different times depending on the distance we

are from surface-zero.

- - - a- ~~ - - -
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We can carry out a fairly complete analysis, employing the relationships

for closure depth and time of closure as a function of shock wavelength and peak

pressure which have already been developed in earlier sections of this report.

The tedium and complication of such an analysis does not lend itself to generaliza-

tion for a report such as this. Consequently, we will be satisfied here with mak-

ing certain simplifying approximations in order to achieve a generalized analysis

that at the same time will more clearly show the major considerations. The

simplified analysis presented here turns out to be fairly accurate for larger

scale explosions or when the angle of incidence is large--specifically, good

agreement with experiment may be expected where

P gX
wg

Pa cos Q' >> 1 (80)

where pw is the density of seawater, g is the acceleration of gravity, k is the

wave length of the shockwave incident at the free water surface, pa is atnmospheric

pressure, and t is the angle of incidence that the incident shockwave makes with

the free water surface (see figure 7).

A. Assumpt ions

In this section, we assume that: (1) the pressure disturbance in the wa-

ter consists of a shock rise with exponential tail-off, and that this disturbance

propagates with the speed of sound in water cw; (2) the peak pressure disturbance

p at the shock front is of the form KW /3/r; and, (3) once the spall is separated

from the underlying water, the force of gravity is the only significant force.

Toe first assumption above provides

p = p exp - (t + r/c)/-, (81)

S.. . . .. .. . . ... .. .. .. . • • J,
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where r is the radius from the burst point, and where T is the characteristic

time of the exponential wave. In the acoustic approximation, the wave length

X of the exponential wave is related to the characteristic time by

*= c T (82)
w

The second assumption above indicates that we are neglecting the super-

sonic effects of the shockwave close-in to the underwater explosion. The second

assumption provides

1/3Po KW /r (83)

where K is a constant of proportionality and W is the weight of the explosive
,

charge. For the value of K, we use here

K = 2.28 x 10.6 (84)

The third assumption above is valid, as we saw from the considerations in

Section V, provided the inequality (80) holds.

Figure 10 shows the geometry for the analysis in this section. The origin

of the cylindrical coordinates (xz) is at surface-zero. The coordinate x is the

horizontal distance from the vertical axis; the coordinate z is measured verti-

cally downward from surface-zero. The explosive charge of weight W is burst at a

*!

This corresponds with the assumption that a one pound charge of HE
produ es--in the acoustic approximation--a pressure of 2.28 x 106 pounds per
square foot at a distance one foot from the source.
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Figure 10. Geometry for anaalysis of secondary shockwaves under water.
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depth d. At the point at surface-zero described by (x,O) the main shockwave

from the underwater explosion makes an angle of incidence Oe.

B. Main Shock Arrival Time

The main shock frout from the underwater explosion arrives at the surface

at the radius x at the time tI expressed by

t r/c (85)

This can be rewritten in terms of the dimensionless time T and the dimensionless

distance X as

T (l+X) + (86)

X a x/d (87)

where

T 11 t*/t , (88)

t 0= d/c (89)

From equation (87) we see that we are normalizing distances relative to the ex-

plosion's depth of burst d; and from equations (88) and (89) we are normalizing

times relative to t , which is the time at which the explosion's shock front first

reaches (in the acoustic approximation) surface-zero. The shock front arrival

time T1 is plotted as a function of the dimensionless horizontal distance X in

figure 11.

We emphasize that the dimensicnless time T as used in this 3-dimensional

analysis is normalized differently from the dimensionless time T employed in

Section IV.

Actually, because of circular symmetry, this is a circular ring.

i
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Figure\ 11. Dimensionless time of arrival T, of main shockwave,
ard di~nsionless time of closure Tc of cavitation--as a function
of dimen ionless distance X from surface-zero. Time of closure is
plotted ftr two charge weights--10 pounds and 10 kilotons--each
burst at td\l cube-root-scaled depth ýd of 0.5.
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C. Spall Launch Velocity

When the underwater shock front arrives at the water surface, a spall is

formed and is launched upward with a velocity twice the vertical component of the

particle velocity in the incident shockwave[(see the discussion leading to equa-

tion (60) inSection IV)J, that is, the water spall is launched upward with vel-

ocity u described by
a

2KW/3d/0 2

u 2KWI c r (90)

where pwCw is the specific acoustic impedance for water, and where we have made

use of equation (83).

ID. Spall Flight Duration

Under our assumption of a ballistic trajectory for the water spall (and,

ignoring the column or blow-out due to the bubble, which may be significant near

surface-zero), the spall will return to its original position (i.e., the spall

will close) after a time interval t expressed by

2
t = t/(i+ X2 ) (91)

S so M(1

where
tso 2u /g (92)

and where

u 0 2KW /3w c wd (93)

In the above expressions, u0 is the initial spall velocity at surface-zero, and

t is the spall flight time at surface-zero. If we normalize equation (91) rela-
so

A
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tive to t ' in the same manner as we did in equation (88 we obtain
0 L

T = T (o + X2 ) (94)

where

T = t /t 0 (95)

or

T 4Kwl/3/gpwd 2  (96)
so w

In terms of scaled depth of burst kd' this can be written

4K
T = (97)so go 1/3 k2

w d

Where

X d/w (98)
d

Equation (97) is plotted in figure 12 for charge weights of 1 pound and 1 kiloton.

E. Spall Closure Time

The spall returns to its original position (i.e., the cavitation closes) at

a time t expressed by

t = t + t (99)c 1 s

If we define the dimens-:nless closure time Tc by

T - t /t 0 (100)
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we obtain

T =(l +X2) +Tr /(I + X) .(101)

c so

F. Radius and Time of First Closure

The spall does not close (i.e., return to its original position) simultan-

eously for all values of horizontal distance X. To find the dimensionless dis-

tance Xc where the spall first closes, we set the derivative of T equal to zero

in equation (101) and find

S )2/3 1/2
X, 1  (2 TS Oj (102)

The time T of first spall closure is

T (2 Tso)l/3 (103)

For explosion geometries of interest, equations (102) and (103) are excellently

approximated by

SS°)1/3X cl (2 T ;) (104)

T X (105)Tc, 2 •cl

The radius of first closure Xcl Is plotted aE a funcrion of dimensionless

time T in figure 13. We see that cavitation closure first occurs at surface-so

zero geometries typified by a T less than or equal to 0.5. In figure 11, T is

plotted as a function of x for charge weights of 10 pounds and 10 kilotons--each

burst at the scaled depth Xd of O.E. In that graph we see that, in terms of cube

root scaling, the small charge takes considerably longer for its spall, or cavitation,
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to close then does the very large charge.

Table I.

X 0.5

Charge Weight Tso Xcl Tcl

10 pounds 260,000 80 120

10 kilotons 2,080 16 24

Table I provides examples of the values of the characteristic time Tso, and the

-v4,%v and time a " "•vB -n rl V nnd T

Since both the time and distance are cube root scaled in the same
fashion, the dimensionless variabled plotted in figure 10 show the correct
relationship.
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G. Travelling Closure Point

The cavitation first closes at the radius Xcl at time Tcl, as described

above. Thereafter, as described by equation (101), for each value of dimension-

less closure time T there are two values of dimensionless distance X. In other
c

words, for each Tc greater than Tcl, the cavitation is just closing at two dif-

ferent values of horizontal distance X--and as shown in figurc 14, one of the X

values is greater than Xcl, while the second value of X is less than Xcl

As described by equation (101), then, the closure points X are a function

of the time T . The dimensionless velocity M with which these two closure points
c c

move--one moves radially inward while the other moves radially outward--are given

by

M - dX/dT , (106)

(1 + x2)
x [_( + x2) 3/2-2 T(1] 0(17)

Vie dimensionless velocity M defined by equation (106) is, it turns out, equal

to ;.ne mach number at which the closure point is moving, i.e., it is the velocity 8

at which the closure point is moving divided by the speed of sound in water. In-

spection of equation (107) shows that the outward traveling closure point is al-

ways traveling supersonically and asymptotically approaches mach 1. The inward

traveling closure point is traveling at a very large mach number (a negative mach

number in equation (107) implies that the closure point is the inward traveling
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one) at or near the point of first closure Xcl and progressively decreases in

magnitude.

For certain explosion configurations--that is, for certain values of the

dimensionless time T defined by equation (96)--this closure mach number M canso C

fall to a magnitude of unity and less.

For later discussion in this section, we will find chat the horizontal dis-

tance X where the closure mach number Mc reaches the value -1 is the place whe!re

the secondary water hammer waves due to closure are extremely intense. In figure

13, we plot the values of XI as a function of the dimensioniess time Tso where

the inward traveling closure mach number has a magnitude of 1. From that curve,

it is evident that for each burst configuration, for which T is typified by aso

value of 2 or greater, there is a mwch ! closure: (1) very close to surface-zero;

and, (2) at a distance somewhat less than X1 l, the radius of first closure. For

most explosion configurations of interest the second mach I closure radius is approxi-

mately eighty percent of the radius of first closure.

H. Generation of Secondary Pressure Waves Underwater

With reference to figure 15 we can investigate the character of the sec-

ondary pressure wave or water hammer wave generated by the progressive impacting

of the spall, i.e., by the progiessive closure of the cavitation. We assume that

closure takes place at a depth z . and thar the impact velocity of the spall is u .C C

When the spall impacts the underlying quiescent water, the required matching of

particle vclocity at the iný.erface indicates that the particle velocity in the

spall falls to u / 2 , as indicated in figure 15. The pressure front of the sec-

ondary wave generated by this progressive point of closure is the mach wave. If

the velocity of the progressive closure point is v (and we will henceforth neglect

the minus sign for the velocity, since we are principally concerned with the
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Ofi

SPALLII

CAVITATED REGION •C X

INWARD TRAVELLING OUTWARD TRAVELLING
CLOSURE POINT CLOSURE POINT

UNDERLYING WATER

Figure 14. Geometry showing surface spall that has closed along the lne extending
from Xi to Xo. The spall first impacted at the radius Xcl; thereafter, the spall
closure point travels in both directions--radially outward and radially inward.



58

IL 60

' 0
U --

U.U

0 L

w -4

U. z

2z24

mcc
w(



59

inward traveling closure point), and if the speed of sound in water is cw, then

the mach number of the closure point is described by

M c V/C (108)
c W

The angle 0 of the mach wave, as indicated in figure 15, is given by

-1

sin B = M - (109)

The change in vertical component of particle velocity across this mach wave is

u c/2; hence, the normal component of particle velocity change, Un, across the

mach wave is expressed by

Mu
U c (110)n 2(1 - M c2)

c

I. Secondary Wave Pressure

The pressure rise p across the mach front is, in the acoustic approxima-

tion,

Pn =0cwUn (ill)
Pn Qwwun

Mc PcwwUc

2 (G-2)½ (112)

From equation (112) we see that at the point of first closure, where the

mach ntunmber is indefinitely large, the hammer pressure p generated at the time of

cavitation closure has the magnitude p c u /2, where u (see Section IV, equation
w wc c

63 et seq) is the velocity of the spall at the time of cavitation closure. We

also see that the hammer pressure pn becomes indefinitely large at the radius Xl

where the mach number M of the closure point falls to a magnitude of unity.j c
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J. Secondary Wave Duration

From figure 15 we see that the upward traveling mach wave reflects from

the free surface. After this reflection, the vertical component of particle vel-

ocity of the (erstwhile) spall is finally reduced to zero. The surface reflected

wave will reach the closure depth z c at a time after closure expressed by

S2zc Mc2 (113)
no c(M

wc

If a pressure sensor is located at a depth z c or greater, the duration of the

(flat topped) water hammer pressure pn is equal to t . If the sensor is at a
n no

depth less than zc, the duration is proportional to depth. In other words, the

water hammer pressure duration tn is

2z c Mc 2 - )k

t C C for z ; z (114)n cM c
wc

2 M 2 for z ! z (115)c M c •
w c

In an experimental situa~ion, gages are placed along a string at various

depths z. Observing among these gages the relative times of first arrival of the

secondary pressure wave, and also observing the duration of the secondary pres-

sure pulse, offers a means of establishing the depth z at which cavitation clos-

ure occurs. Such variable duration, flat-topped pressure pulses can be seen in
o

the bulk cavitation experimental data included in Walker's report.

9 loc. cit



K. Secon4ary Wave Impulse

The impulse I In the secondary pressure wave is given by
n

In p nt (116)

The value of the impulse is

I = Oz U for z 2 z (117)
n c c C

- ýzu for z < z (118)
c C

For depths below the closure depth z , the impulse I is seen from equation

(117) to be simply the impacting spall's momentum per unit area.

The region most important for the generation of intense secondary pressure

waves is the region contained within the radius of first impact Xl, that is, the

radius at which cavitation first closes. The reason for this is twofold:

(I) the spall closure velocity u can be quite large within this region; and (2)c

the closure mach number M cen, with explosions configurations of interest, reach
c

a magnitude of I with the consequent pressure "amplification" described by

equation (112). Beyond the radius of first cavitation closure, the closure point

asymptotically approaches a mach number of 1, that is, this pressure "amplifica-

tion" is achieved only at very large distances from surface-zero. But, at

these very large distan(es the spall closure velocity u is quite small.c

L. Example

To demonstrate the use of information developed in Sections IV and V, let

us consider a 10 kiloton explosion burst at a depth of 150 feet. We seek to

determ'ne:
(1) The radius x where cavitation closure first takes place;

cl

(2) The time tcl when cavitation first closes;
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(3) The radius x_ where the clos,,,re velocity reaches mach 1, i.e.,

where the pressure wave due to cavitation closure is most intense.

Using equation (89), we find that, in the acoustic approximation, the shock

front first reaches surface-zero at the time t given by
0

t 150/5000 = 0.030 seconds.
o

To compute the dimensionless time T in equation (9b) when the charge weight W is
so

expressed in kilotons, tie constant K [see equation (84)] is

8K = 2.88 x 10

We then find from equation (96) that the dimensionless time T isso

T = 1700

so

From equation (102) we find that the cavitation first closes at the

dimensionless radius X given by

ci

Xcl = L(3400) 1 3 -IJI/2 = 15

and from equation (103) we find that the spall first closes at the dimensionless

time Tcl

T ci= 22.5

The actual radius of first cavitation closure, x cl, is

x c, = (150)(15) = 2,250 feet

and the actual time of first cavitation closure, tcl, is

tcl= (0.030)(22.5) = 0.675 seconds

These values of closure radius and time have been determined under the

assumption that atmospheric pressure is regligible compared with the gravitational
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body force acting on the spall. In the language of Section IV, this approximation

is good provided the dimensionless wavelength PL is very large compared with unity,

In the present example, we shall see in a moment that P is 50 at the above-
L

computed rt'•,•... Xcl. From equation (59), we see that our above-computed value of

Ts, as a second approximation, should be multiplied by (i - 2 rL-); in this

instance, our abrve-computed value of To should therefore be multiplied by 0.72.

Thus, as second approximations, we have

T = 1230

Xcl 2000 feet

tcl= 0.6 seconds

The radius x- at which the cavitation is closing at mach i, and where the
1l

secondary pressure due to closure is a maximum is, for this size explosion, about

80 percent of the radius of first closure, i.e., we have

X-= 1600 feet-J.

At the radius of 2,000 feet from surface-zero, the angle of incidence O is

C1 = arccos (0.07)

The wavelength k for the exponential wave is approximately expressed by

- 53.5 W1/ 3 = 115 feet

so that the modified wavelength L, employing equation (27), is

L = X/cos a - 1,650 feet

and the dimensionless wavelength PL' using equation (30), is

P = 50
L

To find the dimensionless closure depthZ , we employ equation (50), which is* c

plotted in figure 8. We findZ to be
c

2 - 0.123i.
c
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The actual depth cf cl,.)stjc z is

(1,650)(0.135) 220 feet

From equation (83) we find the peak pressure p in the incident shockwave

at the 2,000 foot radius is

o = 2,000 psi

and tne peai% surface velucity i1

2 p

u(yo ... P cos ce 4 feet/second

Tlhe dimpisiottless depth of onset Z is, using equation (48)
0

Z = 0.0045
0

so that the actual depth of cavitation onset z is

z = 7.43 feet

0

If we are interested in the dynamics of the spall motion, we can use the

results tabulated in the Appendix. On page 45 of the Appendix, the pertinent

variables have been tabulated for & wavelength of 1,333 feet; on page 46, they

have been tabulated for a wavelength of 1,778 feet. The modified wavelength L for

our situation at 2,000 feet from surface-zero has been seen above to be L = 1,650

feet. As an approximation, let us use the data on page 46 of the Appendix. The

peak pressure, as we have computed above, is 2,000 psi. In order to use the

tables in the Appendix, we must compute [see equations (35), (38), (42)] the

"vertical component of pressure," i.e. we need to know pv

Pv PO cos O 140 psi= 0.14 Kpsi

From page 46 of the Appendix, we see that the maximum surface excursion zmax is

z = 8.94 (0.14)2 = 0.175 feet

Also frcm page 46 of the Appendix, we note that the closure depth is 231 feet, in

good agreement with the value we have computed above--recalling that our actual

modified wavelength is 1,650, whereas the table we are using has a modified
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wavelength of 1,778 feet. Next, from the information on page 46 of the Appendix,

we find that closure takes place t seconds after arrival of the incident shock-C

wave, where t is
c

t = (1.38)(0.14) = 0.19 seconds.C

Since the incident shockwave arrives at the 2,000 foot horizontal distance at about

0.4 seconds after initiation of the explosion, we see that our above-described

value of t 0.19 seconds is in agreement with the value of tl of 0.6 seconds

computed earlier.

It is to be noted that a spall which is launched at 4 feet per second will

complete its trajectory at approximately 0.25 seconds if it is acted upon by gravity

alone. The above computed value for flight time of 0.19 seconds indicates that, at

this modifled wavelength of 1778 feet, the average acceleration acting on the spall

is somewhat greater than one g. In our earlier calculation of spall clofure time--

including the transit time for the incident shockwave, we corrected for this

increased average effective acceleration when we multiplied by the factor (1 - 2PL).
L

In the remainder of the table on page 46 of the Appendix, we see that the

time in the first column has been normalized relative to the closure time--computed

above to be 190 milliseconds. The spall thickness as a function of time, shown in

the second column, is normalized to the closure depth of 231 feet. The surface

position as a function of time, shown in the third column, is normalized relative

to the maximum surface excursion--computed above to be 0.175 feet. The surface

velocity as a function of time, shown in the fourth column, is normalized to the

vertical component of particla velocity in the incident shockwave--computed above

to be 2 feet/second (note: 4 feet/second is the initial surface velocity--equal

to twice the vertical component of particle velocity in the incident shockwave).

The surface acceleration as a function of time, shown in the fifth column, has

_-i
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been normalized relative to the acceleration of gravity, 32.2 feet per second.

The lower cavity boundary as a function of time, shown in the sixth column, has

been normalized relative to the closure depth of 231 feet.

The computations tabulated in the Appendix have been carried out in the

high pressure limit analysis--that is, we have assumed that the peak pressure

in the incident shockwave is large rompared with pgX, and large compared with

atmospheric pressure. With these assumptions, the onset of cavitation takes place

at zero depth. During these initial stages, the spall is of infinitesimal thick-

ness so that the body force due to gravity acting on it is negligible compared

with the finite atmospheric pressure acting on the topside. Accordingly, when the

spall thickness is virtually zero, the acceleration of the spall is unbounded, as

indicated in the fifth column.

We have already calculated in our example that cavitation sets in at a

depth of 7.43 feet. The dimensionless depth of onset, normalized to the closure

depth of 220 feet is 0.0338. Hence, the data contained on page 46 of the Appendix

would be considered credible only after the spall thickneiss has achieved this v'7ue.

For example, from page 46 of the Appendix, we would expect surface accelerat tor

initially observed to be in the neighborhood of 4 gees.

At this very early time, the final column on page 46 of the Appendix gould

indicate that the lower cavity boundary is at a normalized depth of 26, or an actual

depth of about 6,000 feet. Since the radius fr:,m the burst point is 2,000 feet, the

indicated lower cavity boundary of 6,000 feet would assuredly not satisfy the

requirement that [see equation (79)] the quantity (z/rx)' be small compared with

unity. Hence, at these early times the plane wave spall dynamic analysis cannot

be used as an approximation in describing the dynamics of the lower cavity boundary.

4i

- -- -----~-.--~---.------ _________________________________________

_ --. ---
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VI. EFFECTS ON AIR BLAST

10
Pittman describes the air blast from underwater explosions in a set of

experimental programs where the explosive yield ranged from 8.6 to 10,000 pounds.

He further compares these HBX shots with data from nuclear underwater shots Baker

(Operation Crossroads) and Umbrella (Operation Hardtack).

The indication is that cube root scaling holds over the range of HE charge

weights used; however, attempts to extend cube root scaling into the kiloton range

were not successful: Umbrella produced lower than predicted air blast pressures,

while Baker yielded higher than predicted air blast pressures.

Pittman has identified three principal air blast pulses (see figures 22

and 23): (1) the direct, ray-acoustic pulse, denoted as the P1 pulse; (2) a

pressure pulse diffracted into the air from the neighborhood of surface-zero,

denoted as the P2 pulse; and (3) a pressure pulse generated in the neighborhood of

surface-zero by the water column or blow-out of the bubble, denoted as the P3

pulse. The first two pulses would appear to arise from a conmnon mechanism,

namely, motion of the boundary, i.e., motion of the water surface. En this

section, we will concentrate on blast waves in the air due to this mechanism, that

is, we shall concentrate on the mechanisms for production of the P1 and P2 pulses.

These two pulses in many ways are similar to the two air-pressure pulses

II
shown in tlý .ark of Towne and Arons The magnitude and arrival time of the P1

pulse in the air is correctly described by their acoustic analysis; however, the

10
Jr. F. Pittman, "Air Bl-st from Shallow Underwater HBX-l Explosions (U),"

Naval Ordnance Laboratory Report 68-45, April 3, 1968.

11

D. H. Towne and A. B. Arons, "On the Acoustical Theory of Transmission
of a Spherical Blast Wave from Water to Air," Woods Hole Oceanographic Institution
Reference No. 56-61, August, 1956.
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size (i.e., the impulse) of the P pulse in their acoustic analysis is decidedly

too small (perhaps by as much as 1 or 2 orders of magnitude) for most explosion

configurations of interest. The analysis in this section would seem to indicate

that the acoustic boundary conditions used by Towne and Arons are responsible for

the unrealistically small size of the P2 pulse which they obtain.

The acoustic boundary condition implies a linear stress-strain relationship

in the water. For shockwave profiles typical of underwater explosions, the acoustic

boundary condition consequently requires the production of unrealistically large

tensile stresses beneath the water surface. From the foregoing sections, we know

that the air/water interface does not move in accord with the acoustic boundary

conditions when forced by an underwater explosion; rather, a layer of the water

surface spalls upward, leaving a low density or cavitated region underneath.

A thorough analysis of the air blast wave produced by motion of the water

surface requires a diffraction analysis, which is beyond the scope of this bulk

cavitation endeavor. However, if for the present we limit ourselves to air blast

waves at or very near to the water surface, we are able to obtain results--taking

bulk cavitation into account--that agree with the air blast signatures at low

altitude, as described in Pittman's report.

In describing air blast from an underwater explosion using the acoustic

approximation, Towne and Arons12:

(1) used the classical wave equation in the water and also in the

overlying air;

(2) at the interface--that is, the water surface--required that the wave

equation solutions in the air and in the water match in pressure and

in normal component of particle velocity; and

12ibid
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(3), assumed a wave shape from an underwater explosion which consists of

a shock rise to peak pressure p0 followed by an ex:ponential tailoff

with time constant T (or wavelength = c T, where c is the

speed of sound in water).

A. Spalled Interface

Since the solution to the wave equation in the air is determined com-

pletely by the boundary conditions, it is instructive to notice the difference in

boundary motion for (1) the already analyzed acoustic interface assumption, and

(2) the spalled interface assumption. Figures 16 and 17 show the characteristic

velocity-time behavior for the acoustic interface and for the spalled interface.

Figure 16 shows that in the acoustic interface the peak surface velocity is u

55* where ui is twice the vertical component of particle velocity at the front of the

underwater shockwave as it reaches the point in question on the surface. The time

constant (i.e., the time it takes for the peak surface velocity to fall to l/e of

its peak value) is equal to T.

Spalled water surface motion is shown in figure 17. The initial surface

velocity is again us; but now it takes much more time for the surface position to

return to zero. As we have discussed, a good approximation (especially when

inequality (80) is satisfied) is that the spalled water surface falls back to its

starting point under the action of gravity alone; under this assumption, the

duration of the surface motion is the order of 2u,/g. A somewhat better approxi-

mation is that the spalled water surface is forced back downward aio.tionally by

the overlying atmospheric pressure. With this taken into account, the spalled

surface decelerates initially at a value greater than g (see the tabulations for

short wavelength in the Appendix). This is shown by the dotted curve in figure 17.
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Figure 16. Velocity-time behavior for an acoustic interface.

TIM

Figure 17. Velocity-time behavior for a cavitated interface with surface apallation.
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Both the acoustic interface and the spalled interface produce the same

initial value of surface velocity, namely us, as indicated in figures 16 and 17,

and described in equation (90). For this reason, the spalled interface assumption

will yield the same peak value for the P1 wave as that obtained by the acoustic

approximation, in agreement with the data produced and discussed by Pittman.

The P air blast pulse discussed by Pittman--that is, the pressure wave

diffracted into the air due to surface motion in the neighborhood of surface-zero--

will have inordinately larger magnitude for the long-duration N-wave surface motion

typified by figure 17 when compared with the P wave produced by the very short
2

duration--relatively impulsive--motion typified by figure 16.

B. Highlights of Towne and Arons' Analysis

Figure 18 shows the geometry of the air blast problem. A charge of

weight W is burst at a depth d below the water surface. We are interested in des-

cribing the pressure-time curve for the air blast at the point (x,z). Because of

assumed symmetry about the vertical passing through the charge, the coordinate x

is the horizontal radius from surface-zero, while the coordinate-z is the altitude

above the (undisturbed) water surface.

Figure 19 shows Towne and Arons' pressure versus time curve in air at the

water surface for a charge which is burst at the dimensionless depth T of 0.5; and

for angles of t (see figure 18) of 150 and 600. The dimensionless depth 7 is

measured in wavelengths of the assumed exponential underwater shockwave; in other

words

- d/c (119)

where d is the depth of burst; cw is the speed of sound in water; and T is the

time constant of the pressure wave in the water, assumed to be of the form

p a PO exp[-(t - r/c)/ r] (120)
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Figure M8 Geometry for the air blast analysis.



0UoZ

________W w %40J

td4)~ 4)

co Q4 -w

4-4 k

40 to

F~4.

OF14

> r
4.) U

00 1.U 14 SW'

04 C 4

r*O1~.4

14g

CI .4*

U)uw
1.4 C)~

(II~d(Al II4 .4*4*
> -

___________ __________ .0



74

Both pressure-time curves in figure 19 are normalized relative to the first arrival

pressure front p(tl), which arrives at time t .

Figure 20 shows Towne and Arons' pressure versus time curves in the air at

the surface for o - 60°, and for various values of burst depth ,.

From figure 20 we see that as the burst depth f becomes sufficiently deep,

the incident shockwave in the water spproaches that of a plane wave as it nears

the surface, and therefore the pressure-time curve in the air approaches

i -(t-tl)/T

te , i.e., approaches the wave shape of the pressure disturbanLe in the

water. For small values of dimensionless burst depth 7 we discern that the over-

all pressure wave in the air takes on the aspect of two pulses, which can be

identified with the P1 and P, pulse described by Pittman. In figure 20 we see

the P1 wave is essentially the first arrival wave, while the P2 wave arrives

somewhat later. In figure 19, for the curve corresponding to a = 15 (i.e., a

locatior on the surface rather near surface-zero), we see that the PI wave and

the P2 wave tend to coalesce

As we retreat further from surface-zero--that is, as a-30900 -- we find

from Towne and Arons 1 3 that:

(1) The secondary pulse P2 takes on the behavior of an isolated arrival

occurring at a time equal to x/c a, where c is the speed of sound

in air.

Indeed, for a position this close to surface-zero, we can imagine the

pressure wave is sufficiently strong so that the rather smooth pressure-versus-

time curve might appear more shocked up.

1 3 ibid, p. 24

1.~~.
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(2) The secondary pulse P2 becomes predominantly important in comparison

with the initial arrival pulse P The initial arrival puleI

becomes negligible beiause the underwater shockwave is incideat or.

the surface at a grazing angle, and the transcnisston coefficient is

small.

(3) The secondary pulse P2 appears to correspond to waves which propagate

as inhomogeneous plane waves through the water, enter the air in the

neighborhood of surface-zero, and then propagate through the air as

ordinary plane waves.

C. Arrival Time of SZ Diffracted Pulse

In figure 11 of Section V, we have already plotted, as a function of

dimensionless horizontal distance X: (1) TV, which is the dimensionless time of

arrival of the main shock front, and therefore 13 Cie time at which the spall

begins its upward motion; and (2) T , which is the dimensionless time of cavita-c

tion closure, that is, the time at which the spall completes its trajectory.

These are replotted in figure 21; and in addition, we plot T2, which is the

dimensionless time of arrival of the air blast wave diffracted from the neighbor-

hood of surface-zero. To compute T we note that, after the underwater shock-

wave arrives at surface-zero, the diffracted air blast pulse ariives at a horizontal

radius x at a time the order of x/c a where c is the speed of sound in the air.

In other words, the SZ-diffracted pulse arrives at a time t 2 given by

t2 = t + x/c , (121)
2 o a

where to is the time (in the acoustic approximation) at which the main shockwave

arrives at surface-zero, an described by equation (89) in Section V. Following

the format ef that section, we define the dimensionless time T2 as
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T2 t2/t (122)

so that equation (121) can be written as

T -1+ (c/C) X (123)2 w a

where cw/ca is the ratio of sound speed in water to that in air and X is the dimen-

sionless horizontal distance defined in equation (75). T2 is plotted as a function

of X in figure 21 for a sound speed ratio of 4.5.

D. Air Blast Pulse Arrival Times

In order to get a general picture of air blast pulse relationships, we

have in this section limited ourselves to the acoustic approximation in water and

in air; and have assumed that the spalled water surface is acted upon only by

gravity. If we restrict our discussion now to locations in the air at or just

above the water surface, we can, with the information developed, see the differ-

ence in behavior for small charges when compared with large charges.

The first arrival pressure pulse--the P1 pulse--cormmences at a time TI.

as indicated in figure 21. For small values of X, dX/dT1 (which is equal to the

mach number in water) is supersonic, i.e., this derivative is greater than unity

in Lhe dimensionless plot of figure 21. The derivative asymptotically approaches

unity for large values of X.

An upper bound for the conclusion of the P1 pulse (near the water surface)

is the time at which the spall closes. That is to say, the P1 pulse is over at a

time not greater than T . More complete diffraction analysis is required in orderC

to sharpen this estimate of the P, pulse duration. But it appears that the

estimate is adequate provided

dTc
-- • 1 . (124)dX
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The inequality (124) provides that the locus of the spall closure point is not

moving subsonically relative to the speed of sound in water. For example, in

figure 21 for the 10 pound T curve, our estimate that the P1 pulse is completed
c

at a time T is probably good for values of X greater than about 55. For values
C

less than 55, the locus of spall closure is traveling subsonically, and a more

thorough diffraction analysis is required in order to find when the P1 pulse

effectively is concluded.

For the 10 kiloton charge shown in figure 21, our identification of T as
c

the termination of the P 1 pulse is probably good for values of X greater than

about 12. For values of X considerably less ti n 12, T is an upper bound for
c

the conclusion of the P 1 pulse, but an increasingly poor estimate as X gets con-

siderably smaller than 12. Similar conjectures hold for the 10 pound T curve for
c

values of X less than 55.

In figure 21, the T2 curve indicates the time of arrival of the P2 pulse,

i.e., the air blast pulse which is diffracted from the neighborhood of surface-

zero. If our air blast gage is located near Lhe 6Lcface at the dimensionless

distance 15 (-X) from surface-zero, we see that, for the large 10 kiloton charge,

the P 2 pulse arrives after To i.e., after the completion of the P1 pulse. On

the other hand, for the 10 pound charge at the same scaled burst depth of 0.5, we

see that the P 2 pulse arrives while the P1 pulse is still extant.

E. Comparison With Experiment

Figure 22 is identical with figure 94 of Pittman's report, and shows the

Umbrella air blast pressure histories for gage locations near the surface. All

of these records indicate that the P1 pulse is over with long before arrival of

the P2 pulse. Furthermore, the shape of the P1 pressure wave at the 2070 foot

station has the same N-wave shape as the spalled surface motion; this suggests

[]4
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that the P1 wave is quite coherent with the surface motion. The interpretation

is that at this station the air blast wave can be explained in terms of a plane

wave traveling vertically from the surface, and therefore suggests that the 2070

foot station is quite near the place of first spall closure, i.e., quite near the

place where dT /dX = 0. At this 2070 foot station the P pulse arrives at about
c 2

1.8 seconds, which is about the transit time through the air of a pressure pulse

whose origin is at surface-zero. The PI pulse is essentially over with by about

0.6 or 0.7 seconds.

The P3 pulse in figure 22 indicates that the water column or bubble blow-

out took effect (in producing the P3 pulse) about 0.3 seconds after the underwater

shock front arrival at surface-zero, i.e., about 0.3 seconds after the origin of

the P2 pulse.

Figure 23 is identical with figure 53 in Pittman's report. Here we can

see the effect of charge weight ranging from 8.6 pounds up to 8 kilotons. Accord-

ing to the analysis in this section, we see that for the small charges the P2 wave

arrives much before the conclusion of the P1 wave, i.e., much before the spall has

closed. For the large charges, the P wave arrives after the spall has closed,
2

i.e., after the P1 wave has subsided. Again, this is particularly evident on the

very large nuclear charge.

. 4i
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0,175 n,098 0,807 ,0,478 2478,65 1,22

0,195 0.103 0,'56 -01401 2261,t4 1.20
"o,221 n.111 0,897 .0,330 2n74,22 1,19
"0,244 M,119 0.930 w0,264 1911,72 1,18
01267 M,127 0.957 -0,203 1767,78 1,17
0,29M m,135 0,976 m0,146 164n,42 1,16
n,313 n.142 0,990 -0,093 1526,44 1,15
R,336 M,150 0,998 .0,045 1423,67 1,14

n,359 m "R 1.000 0,000 133n,43 1,13
m,47 o 3 n00 0,945 0,186 947,71 1,09n,575 n,'42 0.821 0,304 678,70 1,07
"',661 n,285 0.676 0,376 47ni1 1,0tn,733 ",327 0,536 0,415 293,98 1,04
"',792 0,369 0,414 0,434 134,32 1,03
n,934 n,405 0.3P 0,438 "0,00 1,02
0,83 0 n,411 0,314 0,438 w19,53 1,02
M,176 n,453 0,234 0,433 o175,70 1,02
"n.906 n,495 0,172 0,422 .341,28 1,01"0.929 n,537 0,125 0,408 o523,17 1,01
M,946 M,979 0,091 0,392 .728g,77 101
0.960 m.621 0.065 0,37S S966,45 1t01
M6971 n,663 0.046 0,359 -1246,19 1 e00
1.979 n.705 0.032 0,343 -1580,13 1,00
"4,989 0,747 0,022 0,327 -1983129 lo00
0.989 n,79n 0.015 0,313 .2474,53 1,00n,9*O,32 00010 0t299 -3077l65 locon9995 n,874 0,006 0,286 .3822,87 1000

A,997 0,916 0.003 0,274 .4749 70le0n,499 M.932 0.001 0,263 .5904319 1,00

1,0- linen *0,000 -,252 -7.353i2 loco



PAGE A8

SPALL DYNAMICS
Hfti ORFSSURE LIMIT ANALYSIS

WAVSLENGTw a 0,03162 FEET

MA[I4U4 SURFACF FXCURSION a vo000252 FEET PER THOUSAND PSI SQUARED

rLOSOqF r)EPTw a 0,12086 FEET
CLO8JRE TIMF a 0,00086 SECONnS PFR THOUSANn PSI

TIE SPALL SLJNFACt SURFACE SURFACE LOWER

THICKNESS POSITION VELOCITY ACCELERATION CAVITY
(IN GEE9) BOUNDARY

11,000 n, 000 *.0U 2, 200o

n,O0? noo8  0,017 .1,818 24Afi308 IA2

11,O07 n.01 6  0,03 61,849 1224t037 1,64

".,01 6  nf,02 5  0,P7 .1,490 8n9A,75 t,54
n,027 ft.033 0.214 .•0343 6n25,41 1047

0,94n M,04t 0,288 .10206 478n,94 1,42

1,0o6 n.049 0,374 .10078 3949,97 1,38

0.073 n.057 0,459 .009959 3355,07 1,34

0,091 n,066 0,40 .0,848 2908,43 1,31
nlitt n8074 0,617 o0,745 21.6nm7 1.29

n013 2  0.082 0,688 -01650 2p80,'1 1,27

, 153 1,090 0,751 .0,561 2n51,?3 1,25

0,1 7 5 n,099 0,807 .0,478 1859040 1,23

n,195 n01o0 01856 -0,401 1696,41 1.21

n,221 n1,15  0.897 =0,330 ±556,o6 1,20

a,244 n,123 0.930 -0,264 1433,1 Ills
M:2•67 n.131 0$957 -0,203 1326,lo2 t 17

p,290 n,140 0,976 -0,146 1P3 n70 1 16

R,313 •,148 0,990 c 093 1145,11 t1ot

033S n,156 0,998 "0,045 106F,13 jo14

f,359 0,164 1,000 '0,000 998,19 1,13

M.469 00206 0,949 0,180 72n ,g9 1 0

M*567 0.2 4 8  0,833 0,296 324,47 1.07

0,691 f,290 0,695 0,369 171$35 1,06

"4722 n.331 0,559 0,411 242,14 1904

M4781 n,37 3  0,438 0,431 126,17 j,03

0.629 no.4 Ol7 0,438 15g36 1602

S,34 n,421 Oj24 0,438 -1,,0 1,02

f) 867 045 0 255 0,435 .9571 1 ,02

""89 n,499 D, 01426 -=11,81 1.01

""921 M0 5 4 0 O,-b' 00414 -137l46 1t01

940 0,582 0,103 0,399 -477,07 to01

M.95 n6624 0,075 0,384 -636,72 1t01

M,966 0,666 0,054 0,368 -A21,5 1o00

0,979 n,707 0.038 0,352 -1p39om7 100

n,982 n,749 0,027 0,337 -1298 ,1b 1.00

0,967 M6791 0.018 0,322 .1609,42 lo00

06991 n0833 0,012 0,309 -1986,61 1,00

n,999 OR,75 01008 0,296 .2446o56 1000

fl,997 0.91 6  0.004 0,284 -3010596 1.00

,999 0n0812 0,272 .3705, 1 1.00

tann .nnn "0.000 0,262 .4565145 1,00



PAGE A9

SPALL DYNAMICS

HIGM PRESSURE LIMIT ANALYSIS

WAVELENGTW * 0404217 FEET

MAXIE4U4 SURFACE FWCURSION o .0o00336 FEET PER YHOUSAND PSI SQUARED
CLMSuRE MEPTw * 0,15512 FEET

CLOSJRk TIME 0,00114 SECINDS PSR THOUSANO PSI

T14E 9PALL SURFACE SURFACE SURFACE LMWER

Tu4CINFSS PnSITION VELOCI T Y ACCELERAInN CAVITY
(IN GFES) BOUNDARY

0,000 0,000 0.000 2.O000
M.00 6,009 0,017 -1,818 18;0n J2 *1*45

n,007 nl617 0,063 .1,649 9186246 1,67

meets n,026 0.127 .1,491 6075,10 1,56

0,027 m,o34 o,204 .1,343 4 .2n9 4
n,040 0,043 0,288 .1,206 3586l44 t,44

"n'056 n,051 0,373 .1,078 2963,R6 1,39

0,073 m,060 0,459 00,959 2517,b6 t,36

n'091 6,068 0,540 .0,849 281,8i9 1,33

6,111 m.07 0,617 .0,746 1920j59 1,30

0.32 O 5 0,6A8 .0,650 171o,97 j,28

0.153 n,094 0.731 -0,561 1538,92 1,25

6015 n,0 0,8O7 .0,478 1395,62 1,24

6,198 6,111 0,856 .0,401 1277,77 1,22

n.221 n,119 0,897 .0,330 1167,150 1,21

0.244 n.12 8  0,930 o0,264 1075,40 1,19

0.267 n.136 o,957 -0,203 995,10 1,18

6I9 ",145 0,976 -0,146 923,45 1,17

m 313 0,154 0,990 901093 859,32 J,16

0,336 0,162 01998 ,01049 801,51 1,5

n,359 0,171 1.000 -0,000 749,16 1,14

n ,4659 n 12 0,953 a,173 548,75 1.10

0,559 n,254 0.845 0,288 405,78 1,08

",642 0,295 0.713 0,361 29;,99 1,06

n,711 M,336 0,582 0,405 198151 1005

f 770 0.378 0,463 0,429 113,95 t,04

6.819 6,419 0,361 0,438 341M6 1.03

fl,836 16437 0,323 0,439 nOM0 1,02

n 57 n ,461 0.278 01437 41 n6 1902

noe888 5002 0,211 0.431 -126 ,3 t O0

n,913 06,44 0,156 0,420 -213,62 o1.0
m ,933 6,505 0,118 0,407 .309,m4 1,01

fl,940 n 627 0,087 0,392 -416,10 1,01

0,96? ft 668 0.063 0,377 0538,46 1,01

0 972 W,716 0.045 0,362 .68,42 t100

11979 n,?51 0,032 0,347 .6476e8 1,00

6.985 n,793 0,022 0,333 -1044049 1,00

M.990 n0834 0,010 0,319 .12809A9 1.00
0 .993 M A76 0.069 00306 o1565,12 1100

0.996 0 917 0.005 0,294 -1 9 0 9 ,1 2  1,00

6,998 n,959 0,002 0,282 -2327,48 1,00
1600 1.006 .O,0'C 0,272 -283R,50 1.00



PAGE A1O

SPALL DYNAMICS
HIGW PRFSSURE LIMIT ANALYSIS

WAVELENGTW a 0,05623 FEET
MA14U•4 SURFACE FXCURSION a *0,00448 FEET PER THOUSAND PS! SQUARED

rLOSHRE nEPTI a 0.19881 FEET
CLOSURE TIMF a O0aol52 SECINnS PER THOUSANn PS!

T14E SPALL SURFACE SURFACE SURFACE LOWER
TWVCKNFSS POSITION VELOCITY ACCELERATION CAVITY

(IN GEES) BOUNDARY

"l.o00 0,000 0.000 -2,000
n,002 n.O0o 0,017 -1,818 t3RA7,A3 I,Aq
0.007 n,018 0.063 -1,649 6888,40 A,70
no0 n.,027 0 127 V1,491 4557,159 ,59
n.027 no35 0,264 01,343 3391,P2 t.51
9,04n m O44 0,288 .1,206 269,o70 1,45
n.056 n"053 0,373 .1,078 222306 1o41

0.073 0,062 0,458 -0,959 JR8R,49 1,37
R,091 m,07l 0,540 .0,849 1637,n6 1,34
0.111 n,08o 0.617 W0,746 1441,14 1,31
M,132 n,089 0.6P8 .0,650 1083,10 1,29
1.153 0,098 0,751 -0,561 1154,73 t,27
0.176 0,106 0,8n7 .0,478 146,79 1,25
0.199 n,115 0,856 o0,402 955,n8 t,23
o221 n,124 0,897 *0,330 876,1.1 1,21
0.244 n,133 0,930 .0,264 907,12 1,20
0.267 n.147 0,9 5 7  -0,203 746,79 1,19
"4291 0,151 0,976 .0,146 693105 1,17
""314 n,16o 0,990 *0,094 644,94 1,16
0.337 0,169 0.998 m0,045 601,58 1,15
0,359 n,177 1,000 0,000 562,g3 1,14
S.460 0,219 0,957 0,167 417,A2 1.11
".592 n.260 0,856 0,280 313,19 1,go
0,632 n,301 0,732 0,354 23nQ3 1.06
".?Do "0342 0.,1ý 0,399 161,78 1,05
0.759 0,383 V,488 0,425 100,21 1,04
"6,806 n, 4 24  fj,3P 7  0,437 42,54 1,03
0, 8 3 7  n,455  0,321 0,439 D0,I0 1903

,,46.5 0,302 0,439 -13,91 1,02
0,,9579 ,06 0,232 a,435 .71,14 1,02
",•09  n,04 8  0.177 0,426 -J31,71 1to l
m 58929 n 0 .154 0,414 -196,94 1 01
n,943 n,630 0,100 0,401 -769,r4 1t01
n.997 0,671 0,074 0,386 w35n624 1t01

M,967 M,71P 0,044 0,372 .443,f7 1,00
m.,976 ,753 0,038 0,358 *55o!52 1o00
0,983 0,794 0.027 0,344 -676,16 1o0c
0,089 nA35 O.010 0,330 -824,31 1,00
0.0910 n.77 0,012 oo31 7  -100,'?2 1o00
0,995 n ,91A 0.007 0,305 -1p10 31 1,00

0,•99 00,99 0,00• 0,293 .1462,51 100
1,000 1.000 0.000 0,283 .1766,58 1.00



PAGE All

%PALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTH a 0,07499 FEET
MA914qU4 SUPRACF FXCURSION v *0,00597 FEET PER TH'4OUSAND PSI SOUARED

CLOSURF rEPTW a o,2544o FEET
CLOSJRE TIME v 0,00202 SECINnS P.R THOUSAND PSI

T14E IPALL SURFACE SURFACE SURFACE LOWFR
THICKNESS POSITION VELOCITY ACCELERATION CAVITY

(IN GFEq) BOUNDARY

"4.000 "1000 0,000 -2.000 * ******
"6,002 "8009 0.017 .10818 1041j,48 1,92
60007 0,018 0,043 -1,649 516P,44 1,73
0,016 naO2 0,127 -11491 3419A41 1961
6,027 0,037 0,204 .1,344 2544,55 t,53
0,040 n,046 0,287 .1-206 2018,08 1,47
n,056 0 055 0,373 1. 079 1668,14 1,43
0,073 n,0615 0,498 ,0,960 1417,13 1,39
0,092 ftO14 0,540 .00849 1228t49 1,39
0,111 ",O83 0,617 -00746 1o08143 1,32
0,132 n.092 0,6,7 .0,650 963,46 1,30
0,154 0,102 0,751 60,561 866,63 1,26
0,176 0,11 0,807 -0,479 785,45 1,26
0,198 0,120 0,856 w0,402 716,85 J,24
01,221 0,129 0,897 -0,330 657,41 1,22
0(,249 ",139 0,930 .0,264 606110 t,21
0.265 0,149 0,957 -0,203 560,59 1,19
0,291 n.197 0,976 -0,146 320027 1,oll
o.314 0,166 0,990 *0,694 464,16 1,17
01337 6,176 0,998 -O045 451,65 1,16
P1360 n,1@5 1,000 -00000 422.,1.3 lts
0 456 n,226 0.961 0,160 31moi!2 1,12
00544 n,266 0,867 0,271 242, 6 1,09
0 622 M,307 0,790 0:345 181097 1,07
10686 nl,348 0,629 0 393 131029 1,0s
n,746 n,389 0.515 0,421 86o45 1,04
"".795 fo429 0,414 0,436 44079 1.03
n0 IJ3 0 ,47f 0 327 0 440 4 45 1,03
n,839 0 ,475 0,319 01440 o n0 1,03
0,869 0,511 0.296 0,438 .361na 1,02
0.996 0,552 0.196 0 431 .7gnO8 1,02
""pt 91 f 092 01191 0$421 -122,79 1.01
a,93S n,633 0.i15 0j409 -17L149 1t01
(1191 n,674 0.096 0,396 -225,50 1,01
n C.63 n15 o .A3 0,382 -286,16 1,01

0,972 0,7 9 0.046 00369 ,353510 1,00
0.,70 n,796 0.032 0135S .435,85 1,00
0.966 n,837 0.022 0o342 .28,95 1,00
"".99 n878 0.014 00329 -6380ml go0e
h*99i 0,918 04006 00317 -766o53 I,00
m 699 m , 99 0 ,004 0 3015 -919 00 t,00
ift oo 1,000 60*000 0,294 -11009ml io00



PAGE A12

SPALL DYNAMICS
HIGW PRFSSURE LIMIT ANALYSIS

WAVELENGTH a 0,10000 FEET
MAI14U4 ýLJRFACE FXCURSION 8 .0,00796 FEET PER THOUSAND PSI SOUARED

CLOSIIRE MEPTW a 0,32498 FEET
CLOSURE TIME a 0,00269 SECnNnS PER THOUSANn PSI

1IME qPALL SURFACE SURFACE SURFACE LOWER
TWCKNFS9 PMSITION VELOCITY ACCELERATION CAVITY

(IN GEES) UOUNDARY

0,000 nO00 0.00u .2.000 ***0***.

0.002 l.010 0,017 .1,818 7Aj1,44 j.96

M'607 n.019 0.0aJ -1,649 397R,50 I,76

0.01S oO29 0.127 -1,491 2966,)4 t,64

61,027 n.039 0,204 .1,344 1909,83 1.56
mn,40 ". 0 4A 0,2A7 .1,207 1515,g6 1.49

.00 5 6 n.o5O 0,373 .1,079 1,52,00 t 44
0,073 n.067 0.458 .0,960 1063A,6 1t40
0.092 0,077 0,540 .0,849 922,11. 1 37

O.11i M,.87 0,617 .0,746 A11,77 t834
0,132 0n096 0,6A7 .0,651 723,15 t.31
0,154 0,106 0,751 -0,562 65n,59 1,29
0.176 n,116 0,8n7 -0,479 589,03 t,27
0,199 P,125 0.856 -0,402 538,,0 t,25
0222 n.135 0,896 -0,331 493,75 1,?3
S.24 5 n 0.930 -0,265 455,13 I ,22

""268 154 0,956 .0,203 42n,§5 1,20

01292 0.64 0,976 -0 146 390,70 1,19
0:315 n,174 0.990 -0094 363,62 1i18

04339 0.183 0,998 -0045 339,11 1.$7.6 .93 0 0.000 317,e7 1,16H ,36i 0.193 1,000ono31: Ji
0.452 0,233 0 .9A4 0,154 242,47 t,12

537 ,274 0,878 0,262 187t13 1410
0 612 n,314 0,768 0,337 143s16 1,08
n:677 n,354 0.652 0,386 10661.8 1,06
0,734 M,395 0,542 0,416 73,53 1,05

",782 n6435 0,441 00434 43sti t,04
n,923 n,475 0,35• 0,441 14j53 1$03
n.441 n .496 0,316 0,442 g, n0 1 03
"'957 m,516 0,2PI 0,441 -14,J3 1*02
"",186 n,556 0,221 0,436 .43143 1,02

0090* 00596 0,171 0o428 o74.i8 1.01
O929 n,637 0,131 0,417 -107416 1,01
00144 n,677 0.100 09405 -143l?0 1,01
M,957 n.717 0 .074 0 ,393 =183 02 t ool

0,961 , n475 0,055 01380 -228,70 t101
0,976 n,798 0,039 0,367 v2790•4 I.00
0 983 n839 0,027 0,354 e337,98 1.00

04980 m*879 0.017 0,342 *405#74 100
,l 993 o,9i9 0,010 0.,330 -484,53 1.0

n,997 n.960 0.004 0,318 9576,44 1.00
1,000 1,000 00000307 684o2 .0



PAGE A13

SPALL DYNAMICS
HIGW OHFSSURE LIMIT ANALYSIS

WAVELENGTH a 0,13335 FEETMAWI1U" SURFACE FYCURSION a a.001061 FEET PER THOUSAND PSj SOUARED
CLMSIIRE OEPTH a 0@41439 FEET

CLOSURE TIME a 0,00358 SECDNnS PqR THOUSANn PSI

RIqE SPALL SURFACE SURFACE SUPFACE LOWER
THICXNES% POSITION VELOCITY ACCELERAION CAVITY

(IN GFES) BOUNDARY

"n0000 loon 0.o0no 2,000
.0O02 naoi0l 0.017 -1,819 5A64,43 Pool

00007 m1,0 a 0.063 -1,649 2911.j8 1.79
eoi1 0,030 0.127 91,491 1926,30 1,67
t.027 0.040 0.204 .1,344 1433,50 1,58
0.4e 0,050 0,2O 7 .1,207 11 3075 2  t.52m.os0 0,060 0.373 -1,080 939,95 1,46

"n.073 0,071 0.458 .0,961 7980,9 1,42
0.092 .081 0,540 .0,850 697,16 1.38

t 0.12 n,091 0.616 .0,747 609,154 1.35n.13 2 0101 0.617 00,651 543,11 1.33
0,154 n 111 0.751 e0,562 488,58 1.30
f.1ts 6,12l 0,807 -0,479 44P,98 j,28
""91 .3 0.855 .0,402 404,I3 1.26
n,222 M.141 0,896 .01331 370.8? 1,24
f,.4 5 ,151 0.930 .0,26S 341t81 1.23
n,269 0,16! 0.956 -0,203 316,P4 1.21
0.292 0,17! 0,976 -0,147 293154 1,200.315 0.181 0.9Q0 -0,094 273,)? 1.19

33 0,19i 0,998 wo0,45 254,90 1,17
0,362 0.701 1.90m .000 238,18 1.16

0.440 0.241 0.967 00147 184,A5 1.13
O.929 n.261 0.8A9 0,253 144,73 1,10
0,602 0,321 0,746 0,327 112105 1t0e
6.666 0.361 0.676 0,378 856'5 1.07
"9.722 ".401 0.569 01411 61,47 1,09 I
6.770 n,441 0.47a 0,431 4nM7 1.04
0.811 n,481 o,383 0,441 19,37 1,03
0,844 ,5019 0,312 0,443 00,00 1.030.846 0,521 0,308 0,443 0,a94 1,03

".89 .561 0,245 0,441 e21,44 1.02
"".900 .601 0,193 0,434 .4;,05 1502
0.920 0.641 01150 0,426 -65,m7 1.01p.937 n,681 0.115 0,415 -89970 1.01
0.052 n.21 0,087 0,404 -115.60 1.01"e.963 n,76c 0.065 0,392 .@44,44 1.01
6.973 n.RO0 0.047 0,379 -177,40 1.00
0:981 :,840 0.03 0:367 ,214,65 1,00"•.987 n. 0 0,021 0,355 -256,M6 1.00m.992 .92n 0.013 o,343 -3o5,P7 1.00
0.099 .960 0.006 0,332 ,361,12 1.00.n00 1.000o -0,000 0,321 -425,15 1,00

- ..- •---



PAGE A1.4

SPALL DYNAMICS
HIGW PRFSSURE LIMIT ANALYSIS

WAVELENGTW a 0,17783 FEET
MAhIUw4 •tJUFACF FXCU$SIO' a -oC1414 FEET PER THOUSAND PSI SQUARED

rLOSUIQE nEPTw a oc52737 FEET
CLOSJRL TIMý a 0100475 SECnNnS PqR THOUSANDl PSI

T SPALL S URVAC SURFACE SURFACq LnWER
?wTCKNFSq POSITION VELOCITY ACrELERATION CAVITY

(IN GFEq) 8OUNDARY

.Oo000 noon 0,00 .2,000 *****1*.
m ,0o? n ,011 0.017 W1,819 440P,A8 06
M,007 n,o21 0,063 .1,650 2185,79 1.83
0,016 n,032 0.127 .1,492 1446,42 1,70
n.127 n,042 0,2n4 .1,345 1676,46 1,61
R.041 0,053 0,2A7 .1,208 854, 6 1,54
n,056 M.063 0,373 .1,0a8 705,93 1,49
0,073 n,074 0645b .0,961 599,8j 1,44
n,092 n,084 O,539 .0,851 52n,m7 1,40
ft,112 n,o95 0,616 W0,748 457,10 1,37
6,133 n,'lo 0,6A7 .0,652 *08,n2 1,34
ft,154 nj1 0,750 .0,563 367,m9 1,31

,177 ? n,127 0,8P7 -0,480 33•,>6 1,29
6,200 n,137 0 ,85b 00,403 303,77 1,27
m.223 n,148 0.896 -0,332 270,73 1,25

6,?46 0,15 0,930 .0,265 756s1g 1,24
0,269 0.169 0.956 -0,204 ?37,72 1.22
0,293 M.179 0,976 .0,147 Y22n,8 1.21
0,316 n,190 0,990 .0,094 205,42 1,19M.,339 n.200 0,998 -0,045 19t,67 1,18

n.362 n.211 1,000 0,no0 179,o0 1,17
n.445 n?250 0,971 0,140 141,63 1,14
n.922 n,790 0,899 0,243 12,o0 1.11
r.59? n,329 0,8'n 0,318 88,64 1,09
m.654 M,369 0,700 0,37a 68,04 Io7
0.709 0.40A 0.597 0,405 514tsj 1,06

0,757 M.441 0.15 O n,427 35,A5 1.05
M,791 n.487 0,413 0,440 20 ,Q8 1,04
M,834 i).527 0,337 0,445 6,5 1,03
fl,84 . 54 5 0,306 01445 '0,M0 1,03
n.86 4  n.366 0,272 0,445 07$A3 1,02
n.995 n.605 0,217 0,441 .2,1 1,02
6.91? n,645 0.171 0,434 .37,00 1,02
m,930 n 6q4 0,133 0,425 -54,m3 1,01

.945 n ?24 0,I2 0,415 -7 1 6 q 1  1,01
C;9 M,763 0.077 01404 .9p,59 t,01
0,969 n,803 0.056 1,393 "111o6e 1,01
0.977 nA42 0,039 0,381 0135,14 1,00
6,985 ,A's2 0.026 0,369 -161,52 1,00
6,91 0,921 o. 01 0,358 9191,16 1,00

.0.999S m 61 0,0P7 0,147 -225,N2 1.001,600 1.000 -0,060 0,336 -284,•iS %.00
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SPALL DYNAMICS

HIGH PRFSSURE LIMIT ANALYSIS

WAVELENGTM v 0,23714 FEET
MAXI4U4 SU•RACF FYCURSION a 90,01884 FEET PER THOUSAND PSI SQUARED

LOSURE DEPT4 v 0,66974 FEET
CLOSURE TIME a 0,00630 SECnNDS P•R THOUSANn PS!

714E RPALL SURFACE SURFACE SURFACE Ln4ER

TNICgNES% POSITION VELOCITY ACCELERATInN CAVITY
(TN GEqE) HMUNOARY4Y

0,000 0.000 0.000 .26000 c***.**
M.00? n.oll 0.017 .1,8J9 330,1A5 ?oil
6.007 n0022 0.03 .1,650 64•t,42 1.87
a0CIS n.o33 0.127 "1 493 1086*55 1073

n.12, M,944 0 .11346 Rm'71 1,64
0,041 n.055 0.2A7 -18209 641.,94 37

C.055 .o6 0,372 -1,o81 .53n,45 1,51
074 n,077 0,457 .0 962 45p, 75 1,46

n .092 na8 0 539 -0 852 39n ,6 1642
0,112 melon 0,616 -0 749 144,17 1039 :
r'133 n'111 0,66 -0:653 306,72 t936--
0.159 n,122 0.7150 -01 564 275498 1 33
M 177 nd33 0,806 va 481 P50,27 -1 31

m,?on n,144 0o.85 .0o404 729,43 1,28
6,?23 n,155 0,896 -0,332 209,63 1,27
M'247 0.166 C,930 .0,266 193825 112
0,279 n,177 0.956 O,204 178,03 1,23
"',294 n, 188 0.976 .0 147 1661n4 1,22

'317 0n199 0.990 w0.094 1.54,58 1,20
m,340 n*210 0,998 *0,045 1440•6 1A•9
M.364 n,221 t1000 -0,000 1341R9 i1..

0,.4422 n60 00974 0,134 107,69 1,14
n.515 n'29 9  009n8 0,236 86,74 1.12

n, 5 a 33A 0,820 0,308 69,77 1 ,10
0.643 0,377 0,7?3 0,361 55, 41 10.
n,697 0,416 0,624 0,398 42,82 1,06
m. 744 0415 0530 0,423 31 l 10 l
M.785 M494 o0444 0,438 2o,70 1904
m .21 n .533 0 .3A8 0 446 1o 42 t ,10 3

0 n,572 o,3ml 0,44S nh•o 1,03
S4 1,573 0.299 0 448 -n ,0 1.03
"'8.•79 M,611 0.243 0,447 -9,90 1,02
0,902 nl60 0o,194 0,442 20 ,37 1.02
0.922 n.688 0,153 00435 -3t * 3 1t1
m,939 n,727 0,119 r,426 .42,96 1.01
1,952 nM766 0 090 0,417 .55 46 1o01
S*964 6. D05 0 067 0,406 -67 n 1t01
0,974 10P44 0.047 0,196 -84,01 1.00

m 0. W r 3 0 032 0, 35 c100,47 1,00
n.98; n'92 0.019 003"A -i19,o3 1,00n.09.; n,961 000 r'3ý3 -.09,75 10
1 000 ! non 0.000 0,353 9163,,4 1,00
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SPALL OYNAMICS
HIGH4 PRFSS~JqE LIM!t ANALYSIS

WAELF14GTbw t n1623 FEE~T

MAXII'U4' S(JRPACF FXCUPSIO~' 2 -o an25o8 FEET PE THOrUSAND PSI ScJUARED

%MLStIIR rEP7ý.' % 0,84862 FEET

C(L01,JRE TIM; ornaO63 SEC*,nNf5 PFIR TWOUSANn PSI

T1ESPALL SUH'FAC: ~S4RFACE $LJPFACE LOWER

:YN GFER) BOUNIIJA4Y

Cl000 01,001 alao0 .29 ,6oc ***

M. ,2 0,06W .1,651, 033,A I~
m .n s n 0350 .J 71 mAl6,~ 0 ja,77

.07 n,o4 6  0.0. .,j341 A07,02 16

m.4 '15 1A 1,210 48>,94 1.60
rn1.s a 70 0.372 .10082 399fii5 j5

aa 09 * .0,f851 2 9 3 r7 1,44

J3411 0.6 A6 .fl5EY
4  2 3 nj7 5

fl15 n,128 0,75o .0056520,6,3
n13 9  0 ,.p 0,482 t8q, is 1,32

0.,224 0,163 0,896 900,330 157ýl ,2
0 .? s n j4 90 0,267 145 ,~n1"2

Q,,nrA860956 00,205  1341A 1,24

0 95 n 97 0.976 0,14 8 jP5, M6 1.23
0:319 M.0 0,990 '0:095 116,46 12

n"2 098 -04 on,70 1,120
n39 n,237 I,0n1 -9300 jot,3O iO, 00 1,19

S4 3 9 n 271 0 , 977 0,i127 82, 14 1 .15

mS 40' 0970,224 67, '6 1,13
11370,297 54,f,5 t,1.

0$632 0,386 0,746 01,351 44,3 1,09
n.,4 A440,652 0,391 353,34 i.o7

jn71 n,463 0,561 0,418 27,r6 1,06
7 25 01 0,476 0,46103

8 390 , 40n0 0 ,4 4 T PIn 1,04
M010 n,37A 0.,331 0,452 41A9 t.03

p 60 n 56 029 045 , , n0 1,03

ft ln 616 0,271 0,04522 )210
M49 .5 ,000456 94 1,02

M013 6,93017 044 161,R6 1,02

nI ,930 11.731 0,13 0,438 e24,64
0.946 om7?tr 04o o32gS oo
n,959 nScIA 0,079 0,421 .41,71 lo01
n 7 ~,846 o 05 0,411 .5 ) 1,01

*n. 979 (.gR" 0.038 0,401 -61,171 1.00
0.987 n.,923 o,730391 *73l19 1600

n-962 0.00 *8a 1,000
iooo 14.uan 0.000 0,371 et0nom3 1900
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$PALL DYNMICS
HIGW PP4SSURE LIMIT ANALYSIS

WAVELENGTW a 0,42170 FEET
'MAXI'4U4 SURFACF FXCURSION a *0,03338 FEET PER THOUSAND PSI SQUARE1D

CLOSUJRE MEPTw a 1,07268 FEET
CLOSURE TIME a 0,01104 SECOINnS PER THOUSANn PS!

T1AE SPALL SURFACb SURFACE SURFACE LOWER

TWICKNESS PfSITION VELOCITY ACrELEqATION CAVITY
(IN GEE9) bOUNOARY

,0000 nooo 0,O00 *2 ,0* *
"f.002 ",012 0,017 -1,820 186A4,5 P,23
OfnO 0,024 0,.0'2 .1,651 9271Q7 t,96
01016 n,037 0,126 .1,494 614,29 1,81
0.02? 0,049 0,203 -1,348 457,34 1,71
R.041 1,061 0,2A6 61,211 363,'i8 1,63
0.057 0,073 0,371 %1,084 300,16 1456

0,074 f,086 0,456 :0:965 P55,14 1451
w0,093 ",09A 0,538 0, 855 p21,31 1,47
0,113 0,110 0,615 -0,751 t94,94 1043
M.134 m,12? 0,6A5 .0,653 173978 t$39
0,156 n,130 0,749 .0,566 156,42 t,37
M.179 n,147 0.8n5 -0.483 141,90 1934
"".202 "199 0,854 -0,406 1291s? 1031
m,225 n,171 0,895 .0,334 118,95 1,29
",249 M,183 0,9P9 -0,267 109,70 1,27
,2 73 n,196 0.956 .0,206 101,16 1,26

m,296 n,208 0,976 -0,148 94,33 1,24
0,20 n, 22( 0.990 .0,095 87,87 1,22
0,343 n,232 0.997 o0,046 8?,n4 1,21
0,367 n,244 1,000 0.000 76,75 1,20
M.437 0,282 0,979 0,120 63,I5 1.16
m.503 n.,320 O,Q26 0,214 52,;3 1,14

.564 M,35m 0,852 01287 43,32 1,11m,621 0,396 0,768 0,342 35, 73 1,09
n.672 n,433 0,680 0,383 29ll0 1,0o
M.7is M,471 0,592 0,412 23,g7 1,07
n.75 n,509 0,509 0 C433 17,53 1,05
M,796 n,547 0.433 0,446 12,18 1,04
P.829 0,584 0,363 00454 7,22 1,04
0.85S M,622 0,3ni n,458 2,15 1.03
0,6 q ,A39 0.276 0,458 a 0 o ,03

881 n,660 0,247 0,457 w2,74 1602M,9 ml n,69 9 0,199 0,455 -7 141 1 102

1.922 n.P36 0,158 0,450 113 a4 1 02
M.939 no773 0,123 0,443 018,50 1,01
M,953 n.111 0.09s 0,436 -24,•7 1.01
n.965 n0844 0,0f6 0,428 .3no42 1.01
M.976 n,887 0.046 0,419 =37,14 1.00
f,995 M,924 0.026 n$409 .44 12 1,00
0.993 n,962 0,013 0,400 -52.15 1,00
1,000 1,000 -0.0no n,391 .6n,,4 1,00

il _i n I l . .
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SPALL DYNAMICS
HIGH PRFSSU9E LIMIT ANALY4IS

WAVELENGTH x 0,56234 FEET

MAXI'4U SURFACF FXCURSION • =0,04440 FEET PER THOUSANU PSI SOUARED

rLnSIiRF nEOTW v 1,35239 FEET

CLOSURE TIMF m 0,01458 SECONnS PýR THOUSAND PSI

T14E qPALL SURFACE SURFACE SURFACE LMWER

TNTCXNFSS POSITION VELOCITY ACCELERATION CAVITY
(IN GFES) SOUNDARY

n.000 n,00• 0.000 .2,000

.02 n,01 3  0,7 .1,820 1406,0 2,30

m. n07 n.026 0. 02 -1,653 69R,54 1.02

0,016 n,039 0,1?6 .1,496 46?,:2 1,86

2,027 fO02 -1,350 344,42 1,75

0.041 n.064 0.215 -t,213 273,49 1,66

M.057 1.077 0,370 ,1.086 226,15 1t60

6.074 0,090 0.455 no 967 197,27 1,54

",093 f,103 0.537 .0,857 166,12 1,49

n,14 n,11 6  0,614 -0,754 146,98 1,45

fi.135 n,129 0,6A4 .0,658 131,n6 t,42

"0,157 n,14P o,748 .0,568 11Ro0 1,39

a,180 0,tS5 o!80) .0,485 107,17 1,36

II.203 n.16 7  0.654 .0,408 97,79 1t33

0,226 n,180 0,895 -0,336 89,80 1.31

0.250 n,193 0,979 .0,269 82,0 1,9

0.274 n.206 0,956 -0,207 76,72 1,27

""298 0,219 0,976 -0,149 71,?9 1,25

m,322 n,23P 0,990 .0,995 66,42 1,24

0,345 n,24 5  0,997 o,046 62,n4 1,22

S0,369 2 ,258 IIa0 0 ,000 58,17 1,21

0,435 n,298 0 ,9A2 0,114 48,39 1,17

M,497 M,332 0.934 0,205 4, 6A4 1,15

O,556 n,369 0,8A7 0,276 34,?1 1,12

"O,6lo 0,406 0.7A9 0,331 28,70 1,10

0,660 0,443 0,7n7 0,374 23t,7 1,09

S.70 0 n,480 0 .63 0,406 19,52 1s07

0,746 0,517 0,542 0,429 15.52 1,06
,782 n,555 0,407 0,446 i1,76 1005

0,91 •,@592 0,397 0,456 8,17 1,04

01844 M.629 0,333 0,462 4,17 1,04

n.970 n,666 0,276 0,465 1,'0 1.03

0.879 ",679 0.258 0,465 -0600 1,03

ml q91 f0,2'8 0,464 02 ?7 0202
0#914 M,740 0,181 0,462 05141 t*02

nM931 n,777 0 .14J 0,457 m9,45 1,01

@ 94" nA 14 0 109 0.452 m13 05 1.01

n0961 n,85 00AO 0,445 -17,74 1.0a

a,973 n,869 0005" 0,437 -21,47 1.01

""983 n.926 0.034 0,429 w25098 1600

0,992 M0063 0,016 0,421 -3nl@4 1.00

S000 1.000 -0,0flo 0,412 -36,10 1.00
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IPAL4 DYNAMICS

HIGH PHFSSURE LIMIT ANALYSIS

WAVELENGTW a 0,74989 FEET
MAXIU4 Su~rAcE FXCURSTON a -oo5900 FEET PER THOUSAND PSI SQUARED

CLnSIuRF MEPTw a 1,70029 FEET
CLOJQk TIMF 0o,01919 SECINnS PER THOUSAND PS!

T7!%E qPALL SURFACE SURFACE SURFACE LOWER
TItCKNFS POSITTON VELOCITY ACCELERATION CAVITY

(IN GFES) WOUNDARY

0.000 0.O00 0.080 .2,0000
".0D0o M 014 00017 -1,821 145QA2 2.36

0 ,0627 0 0A2 .1,654 1526,48 2.06

S,016 n,041 0,1P5 .t,498 341,§9 1,91

n,027 no054 0.2n1 .1,352 259,73 t,79
n,041 n,068 0.294 .1,216 ?f160 170,

"' •"7 n 02 0.369 -1,089 17no,4 1,63
"",079 n095 0,454 .0,970 145312 1*97

.094 o109 0,536 -0,860 125,g5 1.52
m,114 m 122 0.612 .0,756 111, 1t 1.48

m t3 5 13I 0 ,683 .0,660 99,02 1j44
n.15% 0 150 00747 .0,571 89,1t 1,41

a,181 m163 0.804 .0,487 8a ,95 1.38
00,04 n 177 0,853 .0,410 73,96 11R5
C0228 M.190 0,894 .0,338 67,95 1,33

?52 n404 0,9P9 .0,270 62,71 03
n,218 0,956 00,208 58,10 1,28

01300 n.231 0,976 .0,150 54,10 1027

n.324 n0P45 0,990 -0,096 50,34 1,25
"0,348 0o258 0,997 -0,046 47,n4 1.23
1 ,72 nP7?2 1i,00 -0,000 44,15 t,22
S43 n 0306 0,984 0,108 37,13 1 1,8
M.492 n.345 0,942 0,195 3t170 1116

5•M,381 0,892 0,265 27,m7 v1,3
Sa600 n 418 0,810 0,321 23 9 1 9 1.

0,64 0 n ,454 00733 0,365 19.58 1910
0.692 n.490 0.654 0,399 16,43 1.08
n .733 0.527 0,576 0,425 13 14 ,107
0.769 no563 0,5n1 0,444 10,84 1106
nS02 n 600 0,431 0,458 8118 1,05

0:832 n,636 0,366 0,467 5,81 1,04
" 859 n 672 0.3m7 0,472 1119 1o03
.18e3 n, 7 09 0.254 0,474 0199 1*03

n 9 n .724 0 14 0,475 0 n0 I,03
n,905 fl,745 0,2n6 0,474 -1,42 1,02

n9 24 n,782 0.164 0,472 3 A?7 1,02
M,941 0.818 0.127 0,468 -6,19 1a01

01996 n,$54 0.094 0,463 .8,99 t,01
000A5 0,458 -it?72 1,02

O,9S1t n,927 00040 0,451 .14j59 lo0c
1,991 n ,964 0 .0a19 0,444 .17 0 • I .00

1,000 1,000 0o000 0,436 -2o,87 1.00
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SPAL. DYNAMICS
HIGH PRFSSURE LIMIT ANALYSIS

WAVELENGTW a 1.00000 FEET
MAWI4U4 SURFACE FYCUQSION 8 -0,07831 FEET PER THUSANU PSI SQUARED

CLmSIJqE nýPTw a 2,13135 FEET
CLOSJRE TIME m 0,02519 SECINnS PER THOUSANn Psi

T4IE RPALL SJRFACk SURFA'E SUPFACE LOWER
TWICKNFSq PnSITTON VELOCITY ACCELERATInN CAVITY

(IN GEEq) BOUNDARY

0.000 0n000 0,000 .2,000 .'*
m.0O? n.014 0.017 .14122 79Q 40 p 46
fno0e l 0.29 0.011 01,656 397 43 2,15
0.015 n 0431 0,1P5 -1,500 2163,11 1,97

0,02 M0 058 o,02n .1.355 196121 1,84
0,041 na072 020%3 .1,219 155,01 1.75
M.057 n,086 0 .3A8 -.1092 129,1n 1,67
ft.075 n 101 0,45L -00 974 109.76 1961

a 94 n .115 0 54 -0 ,863 95130 .55
n.115 P,120 0,611 -0,760 84,o 1.51
0.136 m 144 0, 6A2 .0 664 740@b t ,47
""15o n.158 0.746 -0,574 67,56 1*43
no1te ".173 0.803 90,491 61,16 I,40
S,05 n,187 0.852 -01413 5Ao9 1937
m .229 ft ,21 0,894 -0 340 51,55 1 35
M .54 n . 0. 978 -0,273 471010 1132K,2 79 3,)30 0,955 .0,210 44012 1,30
00302 n,?45 0,975 -0,151 411n4 t,28
M,326 n,299 0,949 .00097 38,28 1,26

0,351 00?73 0.997 -0,047 35,79 i,25
M,375 n,288 1.000 0,000 33,84 1,23
c.433 n.323 0.9A6 0,102 28,74 1.20
n.488 n.359 00949 0,t85 24,41 1.17
0,541 n,395 0,895 0,254 21,48 1,14
""591 n .43n 0.830 0,310 18, 0 1 ,12
e.637 ",466 0.758 0,356 16,n7 1t1o
,583 n.0501 0.6A3 0,392 13,78 1.09

0. 720 n .537 0.609 0,420 11, 70 1,08
""756 n.573 0,536 0,442 9,76 1,07
0,790 0.608 0.466 0,459 7j92 1,06
M.320 na644 o.041 0,471 6,17 1,05
S•4S n,679 0.340 0,479 4,47 1.04
n,973 n,715 0,284 0,484 Poli 1,03

"4495 0n791 0,234 0,487 I115 1.03
n , 90 , 775 0,201 0,487 1 1 n0 1,02
n.915 0M786 0,188 0,487 10,51 1.02
11.934 0n822 0.147 0,486 -pop0 1,02
ft.990 0'898 01110 0,483 .3,q2 1.01

L f o*65 t,893 0,077 0,479 -5069 1,01
0,979 n,929 0.048 0,474 .7,53 1.01
el n,964 0,073 0,469 .9,45 1,00

1 000 I..on 00 000 0,463 .11,48 1.00
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SPALL DYNAMICS

HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTH w ±,33352 FEET
MAXIU4 SURFACE FXCURSIOJ v 0o,1oJ8o FEET PER THOUSAND PSI SOUARED

CLOSlJqE MEPTW s 2,66329 FEET
CLOSJRE TIME w 0,03295 SECnMNS PER THOUSANM PSI

T114E 1PALL SURFACE SURFACE RURFACE LOWER
THYTCKNES POSITION VELOCITY ACCELEqATION CAVITY

(tN GFEq) 1OUNDARY

ocoa 00 0,00 V1000 -2,000
0,002 0.09 0.017 -1,823 A04,q4 ;0056
".,n0a m,030 0.061 .1,658 30n,42 2.22

Ot' n,046 0,124 01,503 199Q,7 2,03
0,029 0,061 0.199 :1,359 1413l56 19
,,,042 6,076 0,281 .1,223 118,10 1,80

0,0S ,091 0.366 c1,097 97,77 1.71
n,076 0,107 0,440 *0,979 83,23 1,65
6,095 n,122 0.532 -0,868 72,30 1,59
tlt16 n,137 0,609 .0,765 63179 1,54

c.137 n,152 0,680 .0,668 56,95 1650
0.160 0.168 0,744 w0,579 51,15 1,46
n,183 n.161 0.801 .0,495 46,A6 1,42
0.207 n,9 8  0.8% .0.416 42,68 1,39
c.231 n,213 0,893 .0,343 39,25 1,37
"0,256 n,228 0,927 00,275 36,17 1,34
"6,280 n,244 0,955 -0,212 33,64 1,32
0,309 0,259 019?5 -0,153 31,31 1,30
0.329 n'274 0.989 60,098 29,23 1,28
fl,354 n,289 0.997 -0,o47 27,15 1,26
n,378 n,305 1.000 0,000 25,45 1o24
0.433 0,339 0,948 0,096 22,29 1.21

,4S5 ".374 009,5 o,176 19,49 1,16
M9535 6.409 0,9m7 0,o244 17.11 1,16
0,58? n,444 0,848 0,30oo 15,4 1,t4
n,627 0,478 0.782 0,346 132?0 1,12
n,669 n,513 0.712 0,384 11155 1t10
0.709 n,548 0.641 0,415 10,64 1,09
0.744 n,;83 0.570 0O4 4D 8, 4 1,07
M.777 n,618 0.501 0,460 7,13 1,06

n,0 9 ,652 0.436 0,475 6108 1605

"",83 0,687 o,374 0,486 4,88 1,04
n,S62 n,722 0,316 0,495 3,'1 1,04
6,858 M,797 0,262 n,500 PjS7 1,03
0907 0,791 0.213 0,503 1143 1,02
09927 6,826 0.168 0,504 002 9  1,02
c.231 n,.835 0.157 0,504 0n 0 1,02
n,944 6,861 0.127 0,504 "01A6 1,01
J.960 n,896 0,090 0,502 -*2,2 o1o0
a,975 n,930 00 057 000 w3,112 1.oo
0,98S 0,965 0,07 0,496 -445 1,00
i.n00 i.000 01000 0,491 15472 l,00

________._................-- - - -i~o .wm v.al~ • • • Nm . .. ~ri '
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SPALL DYNAMICS
HIGH PRFSSURE LIMIT ANALYSIS

WAVELENGTH a 1,77828 FEET

MAXI1UM4 UQRFCF FXCURS!ON 9 .0,13732 FEET PER THOUSANU PSI SQUARED

CLOSIJRE MEPTW a 3,31690 FEET

CLOSJPE TIME a 0e0 4 2 9 0 SECINOS PER THOUSAND PSI

TTqE SPALL SURFACk SURFACE SURFACE LOWER

TWtCKNFS9 POSITION VELOCITY ACCELERATION CAVITY
(IN GFES) UOUNDARY

0.000 nl.O0 0.000 -2.000

".00? n,01A 0.017 . ,825 45A,19 P,67

0.008 n,032 0.060 .1,661 227,98 2,31

0482 *1507 15t,' 2.10- • O~nis 0 0 0.123 al5l 5%? 21
n:l02 l065 0,197 W19364 112140 1,96

0.042 n'081 0,279 .1 229 89,74 le85
""9059 "09, 0.363 .1,103 74,14 1,76

",0 7 6  n,11 3  0,448 -0,985 63g12 1,69

0,096 n,129 0.529 -o,874 55,0 5  t,63

0,115 n,145 0.606 ,0,771 48,60 Its

nt39 n 161 0,677 so 674 43,42 1,53
n.16t n.178 0,742 *0,584 39,18 1,49

M,!85 n,194 0.799 -06500 35g63 t,45

04?09 0o,10 0.849 .0,421 37,g2 1,42

no,733 n,726 0,891 -0 348 3o0o2 t,39

08258 044 0,926 o0:279 27,76 1,36
M.283 n,25A 0,954 -00215 25,78 1,34

3. o8 n,274 0,975 -08155 24 n1 1,32
,,291 0,949 "0,100 22o44 1,29

0.354 307 997 -0048 21902 l.28

M0382 M.32 3  1,000 s0aoon 19073 t,26

04433 "4357 06999 00090 17.38 1,22
", 4 82  n,391 0.901 0 168 13.40 t.20

0,530 n,424 0,918 0:234 13.69 1,17

".. 5 75  M6 4 98  0,865 0,290 120?0 t,13 0

0.61! fl,492 080n4 0,337 10,47 1,13

f.65  ".52 6  0.739 0 377 9,68 1.11
0,691 n,560 0,671 0,410 8519 1.10
".732 n0994 O f6n n6438 7,98 1108

0,765 n.628 0,536 0,461 6,63 1.07
M079S M0661 0,471 01479 5g74 1.06

(J123 n,695 0,408 0,494 4,89 tea
BSS n,729 0,348 0,305 4,n6 1e04

0,876 01763 0,292 0,514 3,26 1104

flm,90 ,797 0,239 0,S20 P,48 1,03
0.919 n,831 0,191 0,524 1,70 1,02
mR93; n,863 0,146 0,527 n$93 1,02

0.956 n089R 00114 n,527 nlis 1,01
n';59 n'905 0.097 0 527 n0o0 1.01
n,972 n,932 0,066 0,527 .0.64 1*01

P6987 nMQ6 6  0.031 0,526 .6143 1,00

1, 000 1,000 0,000 0,523 .),•5 1,00



PAGE A23

SPAL4 VYNAMICS
HIGH PRFSSURE LIMIT ANALYSIS

WAVELENGTW a 2.37137 FEET
MAXI4U4 SURFACF FXCURSION a o0,18122 FEET PER THOUSAND PSI SOUARED

CLOSuRE nEPTW a 4,11643 FEET
CLOSJRE TIMF a 0,05556 SECINnS PER THOUSANn PSI

TIE RPALL SURFACE SURFACE SURFACE LOWER
TITCKNFSS POSITION VELOCITY ACCELERAYION CAVITY

(IN GFEq) aOUNDARY

0,000 o,000 0,000 -2,000
. 0 o n.0017 0.016 .1,827 344"R3 7,79

0.009 n,034 0.059 01,665 173,46 2.410.01s nOos 0.111 .1,513 115,3t4 2,18

n.n2S 0,069 0.195 -1,370 85,96 2,030.042 0.086 0.276 .1,236 68,44 1,91
0,059 0.103 0.360 -1,110 56,75 1,82"n,077 n,120 0,444 W01993 4857 t1,74
.0,09 0,137 0,526 90,882 42,i0 1,67".117 n,154 0,603 -0,779 37,o0 1,62
t1140 n,171 0.674 .0,682 330,7 1,57
0,163 ,18 8 0,739 -0,592 '3005 1,52
0,18s 0.206 0,797 60,507 27,3S t,48n,P11 ",223 0,847 .0,427 25 j6 t,45n.0,240 0,890 "0,353 23,e9 1,42"0.261 0,257 0,925 M0,284 21,18 1,39
n,8ss n,274 0,953 -0,219 19,A7 1,360.311 n,291 0.974 *0,158 18053 1,34
0,337 0,308 0,989 "0,102 17,14 1,310.362 0,325 0.997 -o,o49 16,)6 1,29
00387 0,143 1,000 *00000 15,28 1,27n,435 n.374 0,991 0,085 13,64 1,24n.481 0,408 0,966 0,159 17,24 1.21
0,525 0,441 0,920 0,224 1liq2 1,190.56; 0,474 0,80 0,280 9,95 1.16!osl n,9O7 0,825 0,328 q1,9 1,14
a,649 n,140 0,764 0,370 8,13 1,12

0.s8s n,973 0,701 0,406 7,14 1t11a.721 0.606 0.635 0,436 6,60 1l 09n.754 , 638 0,570 0,462 5,92 1,080.785 M,671 0.50b 0,483 5,98 1,07
n,414 n,704 0,442 0,501 4,67 1006
0.041 n.737 0,3A1 0,516 4,n9 1.05m.467 A 770 0,322 0 528 30,3 1,04

490 0,603 0.267 0 538 ?,98 1.03
m.917 n n36 0,214 0 545 ),44 .03
n.933 n.A69 0.165 0,551 1,91 1.02
n. 9 .901 0.119 0 154 1,19 1,010.969 0,934 0.076 0 ,557 0a16 1,01
n.985 n@967 o.o37 0,558 n,33 1,000.995 0,988 0q013 0 558 0,00 1,00I 01.000 0.0n0 0,558 "n,,0 1,00



PAGE A24

IPALL DYNAMICS

HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTH a 3,16228 FEET
MAXIIU4 SURFACE FXCURSION a -0,23842 FEET PER THOUSAND PSI SQU&RED

CLM$StUF nEPTW a 5,08998 FEET
CLORURE TIME a 0,07153 SECONDS PER THOUSAND PSI

TI1E IPALL SURFACE SURFACE SURFACE LOWER
THtCKNESS PISITION VELOCITY ACCELERATION CAVITY

(IN GEES) BOUNOARY

0,000 0.000 0.000 -2, O*
0o,62 n,01R 0,016 -1,830 765la2 2,93

o036 0 0-1,670 13),51 2.52
n, 0,5 o .i9 .W189 88,ms 2,28
m.029 n0,073 0,193 a1,378 65 11 2-,1.1
m.n4? mngi 0,273 -1245 52-45 1,98

n ,09 n.4 0 .5? - oo89 323 1272•

M.141 n,162 0,670 -0,692 25,64 1 61
o,164 O,2ce 0,736 -00,601 23,18 t,56

".8 Mps 0.794 O0,515 21,13 t,52
06213 n,3608, a 435 j48

024 n,25 4  0.8A8 .0,360 17,49 14
n,264 04773 0,924 -0,290 16 85 1041
0.289 n,291 0,952 -0,224 15,43 1.39

0.1 .39 0974 -o,162 14,42 1836
S,341 M.327 0.9A9 -0,105 13,51 1.33
0.367 n9345 0,997 -0,050 12,69 13
M.,393 n,363 1.000 nl,000 11,94 !t,29

047 nss 0,992 0:081 Insm0 1:260.480 0,427 0,970 0,152 9010 1,23

0,523 M,459 0,937 0,215 8494 1,20
,564 M,491 0,894 0o,71 Rg16 1,18
:603 0 ,523 0.843 0,320 7,47 1,16

n,641 M,554 0,747 0,364 69q5 1,14
n,677 ,586 0,728 04401 6,27 1,12
0711 n,618 0.666 0,434 5,74 1,11
S744 n,650 0 ,6n2 n 463 5 05 1 ,09
.775 M,682 0,53b 0,488 4,79 1,080 q04 n, 714 0,475 0,510 4s15 1#07

,832 n ,745 0.413 0 528 3,93 1 06
0.853 n$777 0,353 o,543 303 1005

t q8a n 680 9 0,295 0,556 3,15 1 *04
; 05 n , 41 0 239 0 567 ? 77 1903

nm27 n ,873 0,146 0,576 4 0 1 02
0,947 0,905 0.145 0,583 2,m4 1,02
n ,96 n, 036 0 0A7 0 ,589 ,A9 I 01
0 984 a 968 0 042 0,593 1.33 1 01
1.000 11OOm -0 .010 n,196 r808 Ileo

1i



PAGE A25

SPALL DYNAMICS

INGH PRESSURE LIMIT ANALYSIS

WAVELENGTH a 4,21697 FEET
MAWIU4 SUPFACE FXCURSION a o0,31244 FEET PER THOUSAND PSI SQUARED

CLnSIUqE nEPTW w 6,26985 FEET
CLOSURk TIME a Oo7144 SECINDS PiR THOUSAND PSI

714E RPALL SURFACE SURFACE SURFACE LOWER
THICKNESS POSITTON VELOCITY ACCELERATION CAVITY

(IN GEEI) BOUNDARY

04000 0,006 0.000 -2,000 .t*****e
0.002 n,019 0,016 -1,833 203,79 3,09
0.009 n,039 C.05 7  o1,676 101072 2,64
0,017 noose 01,17 -1,527 67268 2,36
0n029 077 019 .1,388 50,65 2,20
0.043 ft,096 0,2#9 01,256 4n,42 2,06
0,059 0,116 0,352 .1,132 33060 t,95
0,079 n,135 0,435 .1,015 28g72 1,86
"n,099 n,154 0,516 00,905 25,05 1178
9,119 0,173 0,594 .0,802 22,19 1,72
n,142 n ,193 0,666 .0,704 19190 1,66
n,166 n,212 0.731 W0,613 18tm2 1,60
S19l n,P3t 0.790 .0,526 16,45 t,56

n221p ".250 0,841 *0,445 15,12 1,52
0.241 0,270 0,885 -0,369 13,97 1.48
0,267 M,289 0,922 -0,297 12,97 t$44
6,293 n,308 0,951 .0,230 12,10 1141
0.320 n,327 0,973 .0,167 11,12 1,38
"fl,346 n,34? 0,98w 00,108 10142 1,36
04372 0,366 0,997 -0,052 10,10 1,33
V.399 n,385 1.000 -0,000 9,43 1.31
0.440 0,416 0,993 0,077 8,63 1,28
0,481 M,447 0,974 0,146 71q2 1,25
0.921 n,477 0,944 0,208 7,l0 1,22
0M560 n,508 0,9n6 0,263 6*75 1.20
0c597 0539 0,860 0,313 6,95 1,17
0,634 M,57n 0,8f8 0,358 5,80 1.19
0,669 0.600 0,753 0,398 5e38 1.14
"0702 M.631 0,694 0,434 5,na 1,12
0.739 n,662 0.632 0,466 4,64 1.10
19765 1 7693 0.570 0,494 4,10 1,09
0,795 0,723 0,507 04,19 3,98 1,08
n. 82 n 754 0,445 0,541 3,68 O,07

r4?785 0,383 0,560 3140 1,05
0.875 R.816 0,323 o;577 3,12 1,05

"0899 ",846 c.264 00591 ;,,6 1m04
0,921 n,877 0,2n6 0,604 ?,40 1,03
c.943 n.908 0.151 0,615 2,45 1.02
Sft .61 f 939 0.099 0,624 :)1t0 1.01
09 0.969 0.048 te63a 162 101

1.0000 1.00n so0,000 0,638 1142 1,.00



PAGE lk-"

%PALL DYNAMICS
HUW P liPSSUPE LIMIT ANALYSIS

WAVELENGTw a 5,62341 FEET
MAYI4U4 SUnFACF FXCUPSION wo-,4074b FEET PER TNUSAND PSI SOUARED

rLMSIIRF MEOTw a 7,69304 FEET
CLOSJPE TIMF v 0,11596 SECINnS PýW TWOUSAND PSI

T14E JPALL SLuJrACE SURFACE SUPF•C• LMWER
THTCKNFSr POSITION VELOCITY ACCELERATION CAVITY

(IN GEIE) BOUNDARY

0,000 0,oo0 olonu .2,000
0.002 no2 n o.05 -1,837 1570•9 3,27
m.05 o,041 . 056 .1,683 7 ,-4 2,78
m.017 no61 0,115 -1,537 5?034 2,50
n.028 M.O82 0,1R6 W16400 39,;4 ;,30
ft.043 I,0 0.2A4 -1,270 11'17 2.15
,n.5g n,12? 0,346 .1,147 26,t2 2,03
n,7 ,143 0,429 W1,03i 22,36 1193

M.091 n,163 0,510 49),921 1904 1,85
n.120 M,184 0.587 -0,317 17PI4 1,78
n,143 0,?04 0.660 -00719 15,58 1,71
0,167 09224 0,726 -0,627 14,14 1.65
0,19 oP4'5 0,7A5 -0,540 11003 1,60
0,?o7 n,765 0,837 -0,458 1109G 1,56
"",44 m,286 0,8A2 -0,380 11,o2 1.52
0,170 n,306 0.919 -0,307 i o5 1,48
flM.97 M,326 0.949 .0,238 9,58 1,44
f..24 q,347 0.972 60,173 A,98 41
0.351 n,367 0,988 -O,i12 8,45 1.38
0.379 n,388 0,997 -0go54 7,97 1,36
p.405 0,40A 1,000 -0,000 7,53 1,33
0,444 n,439 0,994 nr73  6,97 1,30
p.482 n,467 0,977 0,140 6,47 1,47
n .2u 0,497 c,951 0 701 6,S1 1,24
n.557 n.526 0.916 0,257 5,03 1.21
r.,93 n.556 0.875 0 308 5 ,7 1,19
116629 n$586 0,8P7 n,354 4194 1,17

n,615 0,775 0,396 4,64 1.15
0.,93 n,645 0,719 0,434 4,16 1,13

n,72S n.674 0,660 0,469 4 0,9 1.12
1.757 n.704 0,6M0 0,501 3,05 1,10
,.78• n,734 0,537 0,529 3,62 1109

t.A10 n,763 0.475 0,555 3,40 1,07
0,844 n,793 0,412 n,578 3,19 1.06
f.86S 0.827 0.349 0,599 2,99 1005
"o,192 'AS2 9.288 0,617 21s0 10b4

.91.8 0,2?7 0,634 ?,A2 1,03
0.43ý n.911 0,168 0,649 2,44 1,02

n.96n n,941 0.110 0,662 2,>7 1,01
m,981 ,n970 0.054 0 673 ?,10 1,01
1.000 .0ono• ,0fl 0,684 1,04 1,03
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PAGE A27

IPALL DYNAMICS

NIGW PFSSURE LIMIT ANALYSIS
WAVELENGTW a 7,49894 FEET

MAKX14J SURFACE EXCURSION a -0,528e2 FEET PEq TWOtJSAND P11 SoqJARFD
(' LOSURF n6E•w a 9,40171 FEET

CLOSURE TIME a 0,14574 SECONDS PER TWOUSANn PST

RPALL SURFAek SURFACE SURFACE LO4EqTWICKNFSS POSITIO0 VELOCITY ACrEL.ERAj0N CAVITY
(IN GEES) SMUNDARYn.O00 9.0006 00000 P2#0900* • * e e e e

0.602 n,022 0.015 -1,84? t I s,6 3,440.008 n.o43 0.054 &1,692 6en5 2,940,517 m,069 04112 -1,9149 40o77 2,64n.029 P"086 0,'81 1,414 30,60 2,42n.043 n.o1e 0.258 .1,28- 24,54 2.260,060 0$129 0,340 01,164 20,47 2,13m.678 n,151 0,422 "1.j49 17057 2o02m,.09 c ,173 0.5o3 -0,940 15038 1,926.121 n,194 O,58o -3,636 13,68 1,84n,144 q,216 0.653 -0,738 12,32 1,776,16 M0,237 0,719 .0,644 1100a 1071M,194 q,259 0,78i 80,556 10,77n.?20 n028o 
0 ,833 -0,473 9,47 1,60

L *46 n,132 0.878 -0,393 8,19 1,56n.273 m,323 0,917 "0,318 8,'0 1.52"",301 n,345 0,947 ,0,247 7,68 1,48M,328 1,167 0,971 00,180 71n 1,441.356 0,388 0,9A7 00,117 6,si 1.410,384 n,410 0,997 "0,057 6,44 1.38".,41? M,431 1,000 .00000 6,10 t,35
fl444 n$460 0,995 0,070 5,'0 1t32.46 4 n,48 o,9A0 n 1,35 5,35 1,29oI.520 nog7 0,937 0,196 5,o3 1,26M,55*%,•545 0,925 0,251 4j74 1,23n 9 0 ',573 0,887 0,303 4,48 1,2n .,425 f,6n2 0,844 0,351 4,24 1,190,65$ 1,630 0,795 01395 4,82 1,17-. 484 M,659 0,742 o,436 1,15n7o20 n,687 0,685 0,474 3o42 1.13S750 n.716 0,626 0,509 3,44 1,11

n .772 n ,744 0.565 0,541 3o27 l1 0
,qo07 0,773 o,503 01,•? 3ol1 1,09O,835 M,801, 0,439 0,597 2,96 1,070..61 n,829 0,375 0,622 2,82 1,06"09,87 n,858 0,311 0,645 9,98 1,05

n,91 r,A$6 0,247 0,666 2'55 1,04n6931 n,q15 U,164 6,685 2,42 1,03n,957 n,943 0,121 0,702 P179 1,02Q,979 0,97P 0,060 0,718 2,18 1,011.000 11000 ,0.000 0,733 2,n6 1,00



PLGF A28

SPALL DYNAMICS
ý;IGW PRFSSURE LIMIT ANALYSIS

WAVELFNGTw a 10.00000 FEET
*4AXISIJ'4 SURFACE FXCURSIOKI v -0,67992 FEET PER TH•IJ•SAND PSI SQUARED

CLOsIJRE nEPTW x J1,44378 FEET
LCLONJRE TIMF a 0,18137 SFCINTS PER THOUSANn PSI

S?%9 PALL SURFACE SURFACE SURFACF LOWER
T.47CKNFS9 PnSITION VELOCITY ACCELE4AION CAVITY

(IN GEES) BOUNDARY

"o.o00 n,000 0,000 .2000
0.002 n•o23 0.014 .01848 95,10 3,72
M.008 0.045 0,052 .19702 47,82 3.13
R.016 n 068 0,1n8 .11564 32,n2 2.79
n.029 M.091 0,176 .1.431 24,11 2.56
n.043 n.114 0,252 *1 305 19,37 2,38
"no060 ",136  0,332 .1:185 16,20 2,23
".,071 n ig 0,41.3 .1,071 13,j4 2.11

o9 r 9 182 0.494 "0,962 1;,)3 2.01
n,121 n.2003 0.570 =00858 1no1 t,92

"t,145 "1,27 0,644 -0,759 91A5 .,84
M.16; n,250 0,712 00,665 FQ8 t,78
M,195 nOP73 0,773 90,576 ,815 11
O.222 0.296 0,827 -0,490 7,63 1,66
n,249 n831A 0.874 vr0 40'ý 7110 t#61

0.27S n,3 4 1 0.91.3 -0,332 6,64 1.56
0,304 0.364 0.945 -0 259 o,;4 e,52
5,333 n.38s 0.970 "0,189 5,48 t,48
n,361 n.409 G,947 00,123 5,56 1,44
n, 3 900 432 0.997 -0 ,60 1 :7 1 .41
00419 4045 1,00 -06000 5,1l 1,3e
M6493 no402 0,995 0,068 4,73 1,35
1,487 0,509 0,9A2 0.132 4,48 1,31
f,,521 n,536 0,961 0,191 4, .4 1,28
n.555 fl4,64 0,933 0j,248 4,M 4  1,26
n,58S n,591 0.898 0,300 3,85 j,23 0
"" 620 .61A 0,858 0,350 3,A7 1,2j

n,9 ,646 0,812 0,396 3,'~1 1,19
0,683 n,673 0 74s2 0.440 3136 1,17
M,714 M,7nn 0.700 0,4131 3,;P2 1,1!9
0,744 m,727 0.6130 o0 519 3,18 1.,13
m,773 n,755 01590 01554 7,96 I'll
M .5•0 1 n ,7 8 2 0 5 ý 8 0 15 8 8 7 144 1 11 0
M, 820 0.800 0.464 0,619 t,3EOos
M, 55S n,836 0,399 0,648 1.6 • 07
m,4•82 n,864 o,333 0.675 P,;2 1906
0.907 0.891 0.266 0 700 2142 t,04
f 1 31 n a 1 m 0 1,99 0 724 P0,33 1,03
M09 55 n.945 0,132 0,746 2,24 1.02
o .;7 9 n ,973 0 .066 0 ,766 2 115 t ool
1600n 1 0006 00000 0,785 2j17 t,00



~'*E A29

SPAL4 DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAvELEOTwM a 13,33521 FEET
MAW14U4 SURFACK FXCURSTON 8 .0,66790 FEET PER THOuSAND PSI SQUARED

CLOSURE nEPTb•' 13007364 FEET
CLOSJRE TIMF * 0,22331 SECONrlS PER TwOUSANn PSI

7114E SPALL SURFACE SURFACE SURFACE LOWER
TWfCKN$FS PnSITION VEL.OCITY ACCELERATION CAVITY

(IN GFES) BOUNDARY

04000 0.000 00000 2,0000
6.002 cc24 0,014 -1,854 74406 4.00
60901 o,04 8  0.050 al 714 37,?6 3,35
O,016 n0072 0D.04 .10580 25g36 2.98
0,029 110096 0,170 ,. 451 19,16 2,72
M,043 119 0.245 e.1328 15044 2152
0,050 n,143 0.323 .1,209 12,95 2036
0,07S n@167 0,404 .1,096 11 is 2,22
0009p 111591 0.484 .0,988 9,84 2,11.
not2t n,215 0,561 .0,884 8,R 0  Po,01
n,149 M,239 0.635 .o0,7e5 7,97 ,93
n0,70 n 263 0,703 90,690 7029 1,85
"n1,96 n,287 007A5 00,599 6,72 1,78
M , 223 n,31i 0,8.1 00,511 60,'3 t ,72
,.251 n,334 0,8A9 .00428 50,42 1.,66
M,27; ",358 .0909 -0,348 5,46 1,61
0.30S M,382 0,943 ,,0272 5oi4 I,57
r113 3 7  10,406 0,968 .0,200 4,46 1,52
n.367 4143M 0.986 -0oe30 4,61 9,46
n.3596 0444 0,997 .0,063 4938 1,44
m.426 n,47R 1.000 .0,000 4,18 1.41
1,459 06504 0,996 09066 3198 1j37

'.491 "653n a0,9A' r o,129 3940 t,34
n,523 0.556 0965 0a 189 3,43 131'
n,55 n,562 0,940 0,245 3,48 t,28

n,587 0,608 0 .908 0,299 3,34 1,26
n, 619 m 634 0 '870 0,351 3,•1 i ,23
M,649 nl 661 0 827 0 399 30n9 1,21
n:679 0.487 0.779 0,445 2,08 1,19
n,709 0 713 C ,727 0,489 ?so,7 1,17
06739 0,739 0,672 0,530 2,77 1,15
n.769 0,765 0,613 0,570 2,08 1,13
M.,T6 0,791 0,551 0,607 2,59 1t1e

4,824 0 817 0,487 0,642 2,51 I409
n.991 M:843 0,421 0,676 2,43 1.06
n.q77 n$869 0,353 0,707 20,5 1,06
n,0o3 n 896 0 2A4 0,737 2,28 1,05
0.92 n 922 0 2±L 0,765 2,•l i,04

M, 953 n 94 o . Ij 0,792 2,15 1,02
n,977 M,974 0.071 0n817 2,1,8 1.01
1I.00o 1.000 0 000 0,841 2,1m2 1,0 0



PAGE A30

SPALL DYNAMICS
HIGW PRESSURE LIMIT ANALYSIS

WAVFLENGTw m 17,78279 FEET
HAV'4U4 SUIFACF FXCUO$SO'I s -1,097?9 FEET PEq THnUSAND PSI SnUARED

CLOSIJRF nEOTw a 16,75300 FEET
CLOSJRb TIMF z 0,27182 SECnNDS PER THOUSANn PSI

TI'qE RPALL SURFACk SURFACE SURFACE LOWER
TWICKNESS POSITI0N VELOCITY ACCELERATION CAVITY

(IN GEES) BOUNDARY

0n000 0n000 0.000 ,2,000
0.10 0.o25 0.013 "1,861 59,51 . 4.32
M.007 M,05o 0.048 -1,727 3n m9 3.60
.O16 M.o075 0,100 :1,598 20419 3,19

0 0 100 0.164 .1,473 Is 38 2,90
0.042 n,125 0,237 .1,353 12 44 2,68
(1,050 n 150 0,3i4 .1,237 In:47 2.50
S,0 ,175 0.394 "1,125 9 g7 2,35
n,09; 0.200 0.473 w1,n17 0111 7.23
0,121 0,225 0,550 -0,913 7,19 2,12
fl,145 n.250 0,624 o0,813 6,53 2,02
0,17t n0,75 0.693 -0,717 5,Q9 i,94
ni97 o.30n 0,757 -0,625 5j54 1,86
n,225 M,325 0,813 -0,535 5016 1.79
0,253 o,350 0 ,8BA o0,450 4 A3 1,73
n,2a? n,375 0.9n5 -0,367 4,55 1.67n.311 0,400 0.940 -0,288 4 1.62

M,341 ",425 0,966 -0,212 4,n8 1,57
M .372 0.450 0 9RI5 0,138 3188 1,53
fl,402 n,475 0,996 .0,068 3,70 1.4I
O.433 M.500 1.000 0,000 3U94 1,44
n,464 A,525 0.996 0,065 3,40 1941
0.495 n.550 0.986 0,127 3,27 1.37
n,525 ft,575 0,969 0,187 3114 1,34
"'.556 n,600 0,945 0,246 3 ,3 1.31
m,5a 0 ,625 0 915 0,300 !,93 1.28
n.617 o,650 0.840 0,353 2 ,3 1,26
t,647 n,675 0.839 0,404 7,74 1.23
n,67S n6700 0,794 0,453 ? 66 1.21
n,706 n,725 0,744 0,499 2,58 1,18
,735 n 750 0,690 0,544 2,50 1.16

M,763 M,775 0,632 0,587 P143 1.14
m,792 n 800 0.571 0,628 7,37 1.12
nq] nIA25 0.5n7 0,668 2,31 111
M,647 0,850 0.440 0,705 2o75 1,09
n,74 0n875 0.371 0,742 2919 1.07
fI.C00 1.900 0.300 0,776 2,14 1,06
n,926 n$925 0,227 0,809 ?,n8 1,04
n.951 0.990 0.152 0,841 2,03 1,03
0974 n ,9715 0.077 0,871 1,99 1,01
1.000 1,000 "0,000 0,900 1,04 1,00

_____________________________



PAGE A31

SPALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

wAvEi.ENGTw a 23,71374 FEET

NmAI'U4 SURFACE FXCURSION 8 -1,37248 FEET PER TNOUSAND PSI SOUARED
CLMSURF DEPTH a 20,15203 FEET

CLOSJRE TIME a 0,32692 SECINDS PER THOUSAND PSI

T14E SPALL SURFACE SURFACE SURFACE LOWER

THiCKNESS POSITION VELOCITY ACrELERATION CAVITY

(IN GEEI) BOUNDARY

0.000 o0o 0.000 2,000

0.00? n.o2 6  0.012 -1,869 47,64 4,69

0.007 0.05o 0.046 '1,741 24,20 3,89
"".016 f,078 0.096 -1,617 16,39 3,43

0.025 n,104 0.158 -1,497 12,48 3,11
0,04? 0,130 0,228 -1,380 i0013 2,87
S0059 .1is? 0 304 v1 267 8,57 2.67
0,079 n,183 0 3A2 .1 JS6 7 45 2.50

0.099 f,209 0,461 .1,050 6 61 2,36
0.121 M,235 0,539 -0,946 595% 2,24
n,143 i,261 0,613 -0 R46 5,43 2,14

0.171 0,287 0 ,68J -0,748 5nO0 2,04

fl,198 n,313 0.747 .0,654 4164 t.95
0,225 n,339 0.80n5 -0,562 4j34 to88
0.254 n,365 0.857 -0,47A 4,08 1.81

4.284 m,391 01900 -01388 3,85 1474

0,314 M,418 0,936 -0,305 3,i5 1.68
on345 fl,444 0,964 V0,225 3,48 1,63
,37 .*47n 0,984 -0,148 3s32 t.s8

"4405 9,496 0,996 -0,073 3,18 1l53

0,440 n.522 1,000 0,000 3,S 10,48

0.469 0,546 00997 0,064 2,94 1,45

M0499 n,570 0,987 0,127 2,85 1,41

.52S n,994 0.971 0,187 2,76 1,38

"4,558 n,618 0,949 0,246 2,47 1,34
n.587 0,641 0.922 0,302 2060 1,31
Stj ,665 06686 01357 2,52 1,26

0 ",689 0.850 0,410 2,46 1,26

n,675 n,713 0.807 0,462 2,39 1,23

0.703 0,737 0.756 0,512 2j33 1.21
n.732 1,761 0,706 0,560 2,28 1.18

0 760 0,785 0.649 0,606 2e?2 1.16
"".789 "'1O9 0,589 0,651 2,17 1,14
n 816 n,833 0.525 0,695 2,13 1,,12
n,843 "857 0 4.7 0,737 2 n8 1,10

8870 8,0O 0,387 0o778 2 M4 1.0o
S097 t,904 0.314 0 ,817 2n 0 1.06

0.923 G,929 0.239 0,855 1496 1,05
n949 m,952 0.161 0,892 1 ,92 1.03

n,975 n,976 0,0O1 0,927 1.88 1.01
1.00O 1.000 .0.000 0,962 1,q5 1,00
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SPALL DYNAMICS
HIGH PRESSUQE LIMIT ANALYSIS

WAVELENGTH a 31,62278 FEET
MAX14U4 SURFACF FXCUPSJON• -1,69661 FEET PEP THOUSAND PSI SQUARED

CLOSURE DEPTW a 24,15062 FEET
CLORJRE TIME a 0,38834 SECOND)S PFR THOUSAND PSI

T14E SPALL SURFACL SURFACE SLJRFACF LOWER
TwTCKNESR POSITIUN VELOCITY ACCELERATIVN CAVITY

(IN GFEq) BOUNDARY

0,000 n,000 0,000 -2,000 *****e*V * ***
m,002 n,027 0 012 -1,877 38,48 5.12
M,007 M,94 0.044 -1,756 19,65 4.23
0.016 n.081 0.091 -1,638 13,37 3.72
0.027 n.18O 0.11 -1,523 10,P3 3036
n,041 n,136 0220 -0,409 , 15 3.08
m,059 n,163 0.294 -1,299 71n9 2,86
0,077 n.190 0,371 "1,190 6,19 7,68
M,198 n,21 7  0.449 -. ,085 5,52 2,52
0.120 n.244 0,526 00,981 4,99 2,39
n,t45 0,271 0,601 -0,880 4,57 2,27
0,1t7 n.298 0.672 -0,782 4123 7,16
n,199 n,325 0,737 -0,686 3,94 2,06
M6226 n,352 0.797 -0,592 3,70 t,97
"•.255 n.380 0,050 -0,501 3149 1.89
0.286 0.407 0,895 -0,412 3 31 1.82
m. 3 1 7  n,434 0,933 .0,325 3 15 1.75
P1349 0,461 0 962 -0,240 3o1l t,69
n.380 0,488 0,983 -0,158 2,88 1,63
p.403 n,515 0,996 o0,078 2,77 t.18

f,446 l,54P 1,ono -0,000 2,67 t.53

0.474 0,565 0.997 0,064 2,59 1049
nm .3 n.588 0,988 0,127 7,52 1 45
n,531 M,611 0,973 0,188 2145 1141
0,559 n,634 0o953 0,248 2,39 t,38
,588 n,657 0,927 n,306 2,53 I,35

n.616 n,680 0.895 0,363 2,;7 1,32
M*645 n,702 0,859 00418 ?j72 1,29
M.473 n,725 0,817 0,473 ),17 1.26
M,702 n,748 0.771 0,525 2113 1,23
n.730 0,771 0.719 0,577 2on8 1.21
M,759 n.794 0.664 0,627 2,n4 1,18
n ,,7q6 n, 17 0.604 0,676 2 1 m 1,16
M0113 n,840 0.5'4 0,724 1097 t,14
0.4 4 8 63 0,472 . "93 111
n.A69 n,886 0.401 0,816 1190 1009

n,995 n,906 0,32/ 0,860 I.M7 1.07
0,922 n.931 0.249 0,903 1044 1.05
0,949 n,954 0,169 0,945 1,91 1,03
S0974 n,977 0,086 0,985 1t,73 1.02
1,000 1.000 "00000 1,025 1,75 1.00
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SPALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAvELENoTH a 42,16965 FEET
MAX14U4 SURFACE FXCURSION 3 •2,07102 FEET PER rHOUSAND PS SIUARED

ELMSUJRE nkPTJ 9 "ý!'83996 FEET
CL0SJRE TIMF a 0,45555 SECrONS ':R THOUSANn Psi

714E SPALL j3URFACL SURFACE SURF,ýCF LOWER
YTWCKNESS POSITION VELOCITY ACCELEPATICN CAVITY

(IN G=E) BOUNDARY

0,000 006co 0000 .2,fl7I
St07 0o028 ato1 -1,8c5 53, 4 562

m.307 n056 0,041 -1,772 16,10 4,62
Sn,084 0,0A7 -.1 660 1 ,1 2 4,05

n,027 n't1 0,144 -10550 9,48 3,65
n,041 n,140 0.211 "1,440 6l96 3,34
0,157 M,168 0,2R3 -1.333 5,94 3,09
n,,76 M,196 0,359 W1.226 5,91 2.66
n.097 n,?24 0.47 -1,122 4,47 2,71
m,12o M,52 0,514 -1,n19 4 ,?4 2,55

S144 n 28n G,5R9 -0.918 3 2,42S•0 •.309 0 0660 0,818 3,43 2,29

n,19S• , 337 0,727 -0,720 31,9 2,19
ft .2 n S6S 0,788 -0,624 3 ;0 2.09
n,256 n.393 0,842 00,529 3.o3 2,00
m287 n,421 0,889 -0,437 2,88 to91

nn31; n•449 0,929 -0 346 2l75 1,84
m 35t 0,477 0.960 -0 257 P044 1,77
, 38 4  n 503 0,982 -0,169 P 54 1.70

M.41 n,533 0,990 -0,084 ?l45 1064
.452 n,561 1,000 0.000 ?,36 1.58

M.479 n.583 0,997 09064 2131 1,54
M.50S n.605 0.999 o,128 ?,?5 1950
n.534 M,627 0,975 09190 21;0 1,46
t 06? 649 0.956 0,251 P ,5 1,42
P.587 n,671 0,931 0,311 7,11 1,39

"" O n ,693 0 901 0 370 2 m7 t 31
n 645 M,71S 0 .6' 0 428 ?, 3 1.32
00,3 n,737 0,876 0,485 1,99 1,29

,7700 n5,9 C.7m1 0,541 1i05 1,26
n.728 M.780 0,731 0,596 4, 92 1.23
n,756 0,802 0,676 0,649 1149 1.20
M 704 n 24 C.617 0 ,702 1 s Ilia

oi8l I n46 0o23 0 754 -,83 1,15
008 8 6 O,485 0.805 I,0 1,13
S116S IA9 0,414 0,855 1,78 1,11
S83 n. 912 0.338 0 ,90 1,75 1,08
m.920 m,934 0,259 c,952 1,73 1,06

n;47 ,956 0,176 C1999 1,71 1.04
n0974 0,97 O.O9 1,045 1169 1,02

1,000 1,000 '0.000 1,n90 ',A6 1.00
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SPALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTw a 56,23413 FEET

MAX14U4 SURFACE FXCURSTON 9 -2,49488 FEET PER THOUSAND PSI SOUARED

(rLOS1RE 'EPTW a 34,32446 FEET

CLOSJRE TIMF 0:,52.771 SECONrlS PER THOUSANn PS!

T714E IPALL SURFACE SURFACE SURFACE LOWER

THICKNESR POSITION VELOCITY ACCELERATION CAVITY
(IN GEER) BOUNDARY

0.000 0,000 0.000 ,,.2000
0,o29 0.010 -0,894 25,74 6.19

nl.o5R 0.039 -1,788 13,12 5.08
0 1'[ 0.087 o0.0o89 - i 6 82 :)'84 ,4%.,

0.02S n"116 O,138 -1,577 7.11 3,98
p.040 0 ,45 0.202 -1,472 5,A7 3.63

nt 057 Mi.73 0,273 .1,367 59,4 3.35

0.073 n.202 0.348 -1,264 4145 3,12
n,0 9 6  no231 0.424 -10160 4 ,oO 2.92
0t, 119 n o ,5m1 .1,058 30,S5 2,75
0.143 0,289 0.576 .0,956 3,18 2,59

n.169 n,318 0.648 .04856 3,15 2,45

0t,197 nl,347 0,716 -0,756 2,96 2.33

m.226 p1,376 0.779 0,657 2- 1 0 P.22
n.256 fl14 0 5  083 W,5L,0 2,066 2,11
m288 n . 4 3 4  

0 8R4 .0:463 ?,54 2.02

n,323 n.463 0 925 - 368 2 44 1.93

M, 3 5 3  n1491 0.957 C,274 - 1;5 1.85
ft.381 n ,52n 0 .9,1 .0,181 .: 7 7 78

14422 n, 5 4 9  0,995 .0090 2019 1.71

M0459 n0570 lOO 0,000 2,12 1.64

f,484 n.599 09997 0,065 2.l8 1.59

0. sl0 62o 0 99u o,129 21r14  1.55

n.537 "0641 0.977 0,192 2410 i.51i

t,564 '1,663 0.958 0,255 1,€6 1.47
n.591 n. 684 0,935 0.317 1193 1.43

n.619 n.7 05  0,9nb n,378 1-O0 1.39
n.645 nl*726 0.872 0,439 1,A7 1,36
n.672l , 7 4 7  0.83J 0,498 1 1S44 j,33

n00 n 76M 0.7A9 n,557 1- 1 19

n.727 n,78 9  0,74o n,615 t,78 1,26

0,753 nf in 0 .6R6 0,673 i,76 t,23
m,78? nR31 0,6?8 0,729 1i74 1,20

0 . o 8 5 ? 0,564 0,785 1171 1,17

0,R37 flA73 0.497 0,440 1,69 1,15
nR64 n,895 0,474 0n,95 1 67

fl.R9? flM,16 0,347 0,948 1,65 1.09
0,;I nl,937 0,2A7 1,001 1,63 1,07
n .9 4 S n .9 5 A 0 1 '32 1 ,0 5 3 . • 2 1 0O -5

n . 973 nl .79 0 .093 1 104 A , 0 1- 02

1,000 100n -.0000 1,155 158 1-.00
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SPAL4 DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTH v 74,98942 FEET
MAWI14U4 SURFACE FXCUQSTO1' a -2,96504 FEET PER THOUSAND PSI SQUARED

CLOS•RE DEPTH a 40,72393 FEET
CLOSURE TIMF a 0,60377 SECINOS P:R THOUSAND PSI

t114E qPALL SURFACE SURFACE SURFACE LOWER
THICKNESS POSITION VELOCITY ACCELERATION CAVITY

(IN GFEq) BOUNDARY

"6oO00 noon 0.000 -2.00o0 *******
""1002 0.030 0.010 -1.903 21,ll 6,86
0.007 n.059 0.037 011804 l1.11e 5160
nOO15 n,O89 0.079 .1.705 7,72 4,88
n.o02S n,119 0.132 .19605 6 ,n2 4037
ft,039 n,14R 0,194 011504 5n ' 1.98
m.n5s ,178 0.263 -16403 4.32 3,66
".,074 ,,P08 0,336 .1,301 3,84 3.39
ft.fl95 n23 0,41.2 -l.199 3,47 3o17
m,119 n,267 0,4R9 -1,098 3,19 2,97
fn,.42 n,.297 0,564 .09996 ?,96 2.80

0.,6q n1327 00637 -0,894 2,77 2,64
,.19S f,356 0,706 .0,793 PI62 2.50
n.,2S m,386 0.770 -0,692 ?,49 7437
0,256 n,416 0,827 -0,591 2,37 P,25
n,2eq n,44 5 0,878 -0,491 p 98 2,15
n.321 ,475 0.921 -0,391 ?,19 2.05
M,355 ".SO5 0,955 "0,292 ?9t2 1,95
m,3•n•,34 0,9RO o0,194 2P,5 1,87
O.o42S n,564 0.99t o0,o97 1,99 1.79
.40 fl,594 1.000 000 13 1.71

M0489 n,614 0.998 0,066 1,90 1,66
C.51 fl.634 0,990 0,131 I,7 1,61
,,540 n,655 0,978 0,196 1,A4 1,57
n.566 n,675 0,960 0,260 1,81 1.52
M.592 n,695 0,938 0,324 t,78 1.48

01619• n,716 0,910 0,387 1,76 1,44
m,645 M,736 0.877 0,450 1,73 t,40
M.672 n,756 0,839 0,512 1,71 1,37
A.699 n.777 0,796 0,574 1,69 1.33
0.725 n.797 0.74b n.636 1,67 1.29
M,754 M,817 0,695 n,697 1,65 1.26

",?at n.838 0.637 00757 1,63 1,23
6010 n,85s8 0,574 0,817 1,61 1,20m.93S n,7 8 0,506 0,876 I 59 1.17
n 0 o63 0,898 0,435 0,935 1,58 1,14
""g M,19 0.356 0,993 1,56 1I11
n.919 n,939 0,274 1,050 1,55 1.08
n ,Q45 n,959 0,187 1,108 1,93 1,05
1,973 n.980 0.096 1,164 i ,2 1.03
I .000 1 coo I0,0n0 1,220 151 1,00
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SPALL DYNAMICS
HIGA PRESSURE LIMIT ANALYSIS

WAVELENGTw m 100,00009 FEET
MAXI4U' SURFACF FXCUqSION f -3,47604 FEET PER THOUSAND PSI SQUARED

CLOS1JRF nEPTW a 48,17618 FEET
CLOSJRE TIME z 0,68252 SFC4ONS PER THOUSANn PSI

TIME SPALL SURFAr SJRFACE ýLIPFACE LOWER
THICKNFSS POSITION VELOCITY ACCELERATION CAVITY

(IN GFEE) 9OUNDARY

n.0O0 0.000 0,000 .20000 *.****
n.n02 0,030 0,009 -1,911 17,78 7,63
n.o0o7 n061 0.035 -1,820 9,16 6,21

-1015 n,091 0,07-,727 6t56 5,39
n. 2S 0.122 0.112 -. ,632 5, 5 4,82

.039, n.i5 o0.16b -1,536 4911 4,37
no55  n.182 o,25S .1#438 31?5 4,01

71 n.20 0.325 -1,339 3115 3.71
"nJ'9 4  nf243 0. 4 no -1,2,19 3,M5 3,46
o,15 n 74 0,476 -1,137 2.@1 3.23
0, 141 M,3( 4  0*55L '1,036 2,62 3,03
M,167 n,334 0.61! -0,933 ?,47 2,86
A .195 1,365 0.695 - ,830 a,'14 269
S.,. 5 n 395 0,760 -n,727 2,73 ;,55

* n,256 n$2 0.82u -0,623 P014 P.41
m,•89 n.456 0.72 -0,519 2,n 6  2,29
"n.32? n,486 0.916 .0$415 1,q9 2,18
n,357 n,5±7 0,9; -0,311 I,Q3 2,07n,.?3 n,547 0,976 .,207 t o7 1.97
n,4 3 1 n.5 7 7 0.995• 0,03 1,R2 1,88
t,467 n,60 A 1,0f0 *0,000 1,78 1,79
n.492 n,627 0,998 0,067 t,75 1,74
m,517 n,647 0,991 0,133 1173 1,68
t.547 2 ,667 0,979 0,199 1,70 1,63

, 56S n,6a6 0,9AL 1,265 1,A8 1.59
M,594 n,706 0,940 0,331 1,6b t,54
0,62o n,726 0.914 0,397 1,64 t.50
M,4S n,745 0,881 0,462 1,62 1,45
n,67 3 n,765 0.844 0,527 1,60 . 41
,69. n,784 0.8n2 n,592 ti,9 1037

72 n. 8a04 0,75t 0,65/ cS7 • 3s
m, 753 nl,824 0 7m2 0,721 t,'55 .29
" ,780 , A43 0.645 0,785 1,154 1.26
n . 7 .863 0.5L 0,848 iS2 1.22
f. A ,8P 0.514 0,912 1,ri 1.19

A.6 n 9 02 00441 0,975 1,150 i.l
n o,922 0,363 1,137 1.,49 1.12

0,,97 n .941 o,279 1,099 i,47 1.09
.9445 M, 961 01191 1,161 t,46 t.06

0 972 0,980 0,099 1.223 1,45 1n 3
1.000 .0oon -0.000 11284 1,44 1 00

.1
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SPALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTw a 133,35214 FEET
t4AXI'U'4 SURFACF EXCURSION w -4,02048 FEET PER THOUSA,- PS! SOUARED

CLOSIIRE nEPTw s 56,83991 FEET
CLOSJRE T!MF z 0,76268 SECINDS PFR THOUSAND PSI

T11E SPALL SURFACL SURFACE SURFACE LOWER

T4ICKNFSS POSITION VELOCITY ACCELERATION CAVITY
(IN GEEq) 8MUNDARY

MlOM0 n0oo0 0O0ou -21000
mno? n,031 o.0o9 -1,919 14,94 8,53
M.006 n,062 03,3 -1,835 7,95 6,92
ft.014 M,093 0.071 -1,748 5,6s2 9,99
n,025 n,124 0,120 -1,658 4,45 5,34
n,039 n,155 0.179 .4,566 3.75 4,83
n,054 M.186 0.245 -16472 3ll9 4.43
S, 72 n 217 0.315 -1,375 2 95 4,08

on93 no?48 0,389 -1,277 2170 3,79
0,115 n ,279 0.4A5 -1,177 2,51 3,54
n 140 D 310 0,541 -1,075 ; 35 3,31
m,166 n,341 0,614 -01972 2,P3 3,11
M.194 M,372 0,6A5 -0,867 2,12 2,92
S.?24 n 40 3  0,752 -0,761 2,03 2,75
m ?5 n,434 0,812 -0,655 1,95 2.60
m:284 n,465 0,866 -0,547 loq9 2.46
M.323 n,496 0,992 -0,439 1183 2,33
n,359 n,527 0,950 -0,330 1,78 2,20
n .395 n, 55F 0.977 -0,220 1,73 2.09
m. 4 33 no58Q 0,994 -0,110 1,69 1.98
S0471 n .62n 1.00 0,000 1 65 1.88

0,496 0f39 0.998 0,068 1,13 1,82
n 520 n.638 0,991 0,135 1161 1.77
n,545 n,677 01979 0,203 1,59 1,71
n 570 n 696 0 963 0 271 I 57 i 66
M,595 n'715 0,942 0,339 1,56 1061
n 621 n 734 0 916 0 406 1 54 1 56
n:647 n,753 0,885 0,474 1,53 1,51
n 673 ,77P 0,849 n 542 1 51 1,46
m 99 n 791 0 ,87 n 6 10 ,50 1,42

n.726 n,810 0,760 u,677 1,49 1.38
n.753 m,829 0,7n9 0.745 1,47 1,33
0. 780 n ,48 0. 61 0 812 1,46 1,29
M'507 M,867 0,5A9 01679 1,45 t.25
m A34 1886 0o 5? 0 947 1,44 1,21
m 861 n ,90 1 14 1,43 tI 1
l q8; n 9k4 0.369 ! o0 1, 42 1,14
n,91S n,943 0.2A5 1,147 1,41 1.10

944 n ,962 0 195 1,213 1 40 1 ,07
97? n .981 0 .100 1 ,80 1 ,9 1.03

10no0 10oon -0o000 1,S46 1.18 110
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SPALL DYNAMICS
HIGN PHESSURE LIMIT ANALYSIq

WAVELENGTH a 177,82794 FEET
MAXI1U4 SURFACE FXCURSION u -4,58946 FEET PER THOUSANU PSI SQUARED

CL.SII DEPTH a 66,89820 FEET

CLOSURE TIME c 0,84296 SECINDS PFR THOUSANn PSI

TI 1E qPALL. S.JRRFACF SURFACE RUPFACF LOWER
THICKNFSS PISITION VELOCITY ACCELERATION CAVITY

(IN GEER) HnUNDARY

0.000 n'000 0.000 .2,000

So07 n,932 0,On8 .1,927 12,44 9,56

n .0 on 06 3  0 .032 -1 849 6 40 7,74
n .14 n 095 0 -1 768 4 R6 6.68
M.024 n,126 0.116 -1,684 31A9 5.94
n .03 7  n 158 0.172 .1,596 3 10 5.37
n,053 n,189 0,236 -1,505 2,91 4.90
0 n7l n.721 0.306 -1,411 2,A4 4,51

M,091 n,53 0,379 -1,314 ,43 4,18
S114 M.784 0.454 01,215 ,7,6 3,89

M.139 .316 0,530 -1,113 2,13 3.63
ftt61 0.347 0.604 -1.009 2,M3 3.40

0,193 ,1370 0.676 -0,903 1,94 3,18
n,410 0,743 -0,796 1,96 P.99

ft25 n 442 8 n5 -0#686 1,40 8 82
0Wa nf,474 0,861 -0,575 1174 2,65
0,323 0,505 0.909 -0,462 1070 2.50
0,359 n 537 0 947 -0 348 t,65 P.36
S397 M,568 0,976 -0,233 1,61 2.23
0 435 "6600 0,994 -0,117 1158 2,11
n,473 n,631 1,000 -0,000 1,%5 t,99

n,499 M,65n 0,99d 0,069 1153 1,92
n,523 0,668 0.991 0,138 1,52 1,86

S547 n ,687 0, 9so 0,207 1,50 I30
0.57? n,705 0,964 0,277 1,49 1,74
M,597 n,724 009,4 0,346 1,47 1.69
m.622 M6742 0.918 0,4J6 1,46 1.63
0,649 0,760 0,886 0486 1045 1,58
n.673 M.779 0,852 0,557 1,,44 t 53
0.700 n$7 97  0,811 n,627 1,43 t047

0,172S n9416 0,765 0,698 1,42 1443

75 n,9834 0.714 n,768 i141 1138
0,779 n,853 0.657 0,839 1,40 1,33

i It Ro6 n . 71 0,594 01910 1039 11 29
", q3 m 889 0.526 fl980 I 8 1,24

n,861 6, •9 0.453 11051 To37 1.20

n,485 m.926 0,374 1,122 1,36 1 16
0,91S n,945 0,289 1,193 t,35 1,12
0,944 n,963 04198 1.264 1,35 1,08

097?8 0,1 2 1,335 1114 t,04
11000 1,000 00000 1,406 1,33 -ooo

I .L I'_I H ' . ..
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SPAL4 DYNAMICS
HIGH PTFESSUQE LIMIT ANALYSIS

WAVELENGTW a 237,13737 FEET
MAKX1U4 SURFACE EXCURSION a .5.17329 FEET PER THOUSAND PSI SQUARED

CLMSq1RE rEPTw a 78,56243 FEET

CLOSJRE TIME m 0,92216 SECONDS PER T'HOUSANn PSI

TIME RPALL SUrFACE SURFACE SURFACE LOWER
TWHCKNESS POSITION VELOCITY ACCELERATION CAVITY

(IN GEEq) sOUNOARY

ne,00 0.000 0.000 -2,000
M.002 n,032 0.0n6 .1.934 10,76 67
"0,006 A,064 0,030 "1,863 5,q7 8.69
n0014 i,0096 0,065 -10787 4024 ?,48
0.024 m,120 01111 -1,708 3,42 6.64
m,037 n4160 0,116 -1,624 2.93 5,98
M,052 0.192 0.229 -1,536 5,. 5,46
n0,70 M,224 0,297 -1,444 7 5,01.
n.090 P,256 0.370 -1,349 2,10 4.63
n,113 0,289 0,4d4 "1,251 Pn6 4.29
""'137 n,321 0 -1,150 1,95 4.00
n.164 0,353 0,594 :1:045 J.'97 3.73
m,192 M,385 0,667 .0,931 1,79 3.49
f).? n,4•7 01735 -0,829 1,73 3,27
6,., f.440 0,799 .007±6 1,77 3607

.8 a , 481 0.8ý6 -0,602 1,43 2,8
n,.23 0,513 0,9n5 .0,485 t,59 2,70
m,360 n ,545 0,945 -0,367 1955 2,54
m.399 q ,577 0.975 -0,246 1,52 2.39
ft437 A,609 0,994 -0,124 1,49 2,25

474 M,641 1,000 00,000 1,46 2.11
n0,5a n,659 0,998 0,070 1,45 2,04
m,525 m,677 0,992 0,140 1,44 1,97
n,549 M'695 0.981 0,211 1,43 1.90
0 5'73 1,713 0,96b 0,282 1,41 1,84
M.595 n,731 0,945 0,354 1,40 lo78
M,623 n.749 0,920 0.426 1,19 1,71
0,649 0,767 0,890 0,498 1,38 1.65
,6 74 A'789 0,855 0,571 1.17 1,60

n,700 0,803 0.815 0,644 1,36 1,54
m.72S n .21 0.769 0,717 1,16 1,48
0.752 0,839 0,718 0,791 11,5 1,43

.7 7 .856 0,661 0,865 1,34 1.38
0.•70 0,874 0,599 0,939 1,13 1033
n 53, n.892 0.531 1,013 1j,2 1.28
ft 61 n,910 0.4 8 1,087 1,12 1,23

.SOS n.928 0,378 1,162 1, 1 1.16
0.916 n,946 0,293 1,237 1,30 1.13
f ,944 n.964 0.201 1.312 t, 0 1,09
n,972 n,982 0.1n4 1,387 1,79 1,04
1.000 1.000 '0.000 1,462 1,•9 1,00



PAGE A4O

qPALL DYNAMICS

HtGw PRESSURE LIMIT ANALYSIS

WAVELEN5TW x 316,22777 FEET
MAwWM4U SURFACE FXCURSI0OV -5,76209 FEET PER THn•USAND PSI SQUARED

rLMSIIRS MEPTw a 92,07664 FEET
CLOSJRE TIMF * 0,99921 SECINDS PFR THOUSAND PSI

T14E SPALL SURFACh SURFACE SURFACE 'IWER
TNmICNFSS PnSITION VELOCITY ACrELEIATION CAVITY

(IN GEER) BOUNDARY

no 000 n .000 0,000 -2,000 *' **
n,00? n,032 03007 -1 940 9 22 12.14
S. 000 S a065 0 -, 875 5,10 9.78
M,013 M.097 0,063 -1805 3,73 8.41

0 2 02 n,130 0 .107 -1 730 3 ,nM4 7 4 4

0,035 P,162 0.1A2 -1,650 2,l3 6,70
1 , 0O1 n ,17 0-27 .1 565 2,36 6,09
0,067 n.227 0,2F9 -1t476 2,16 5,59

"one,8 n,260 0,361 -1,383 2,nl n5.15
n,112 n,292 0,435 .1,286 1,90 4.77

0,06 n,325 0,511 -1 184 1.o1 4,43
0,163 n,397 0,586 -1'080 j,13 4,12

191. "9390 0,659 *0,971 j,67 3.84
fm221 fl,422 0.728 -0.860 1162 3,59S00?54 n1455 0,793 "00745 1,57 3,36
0 .289• 0 0487 0 .a5 l -0 ,628 1 ,5 .3 3 .14
m ,3 25 ",52 n 0 ,9 n1 M0 ,50 7 1 150 '? ,94
0,,361 0:552 O,943 "0:384 1147 2675

ft,399 nf,585 0,974 .0 258 1,44 2,58
[0 .439 0.617 0,993 -6.130 1 141 2.41

C 1504 f0.667 0 199 a 0 107 1 1 438 2,180.527 M16803 0.992 Dg143 jqj7 2.10

M05,0 f00702 0,901 00215 1,36 2o02

m,575 n0720 0,969 0,236 1,35 1.95
M.59• A,737 0,946 0j362 2,34 1.88

,624 n.755 0.922 02435 I,34 1.81
-S4* no 777 0,892 0,510 1,13 1.74

n,674 M,79n 0.857 00585 1,12 1,68
W700 0,807 0.818 0;660 1,31 t,61
n,72$ n,825 0,772 0,736 1,10 t.55
n.752 no 4P 0,722 0,812 1130 1049

".779 . 860 0.66A 0,889 1,79 1,43

".SOS n,877 0,6n4 0o966 1,29 t,37
fl ,833 n,495 0,53b 1.044 1,I8 1,3±
m,963 M,912 0,462 1,12 1.?7 t.26
m ,87 M,930 0,382 1,200 1'.7 1.20
"fl.915 0,947 0,296 1,278 1,26 1.15
f 943 0,965 0,203 1 357 1,'6 1.10
0,972 n,982 0.105 1,437 lt,5 1.05
19000 1.000 -0.000 1,516 1,i5 1.00



PAGE A41

SPALL UYNAMICS

HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTW a 421,69650 FEET

NAXI1U4 SRJFrACE FXCUQSTON a .6,34640 FEET PEq THOUSAND PSI SQUARED

CLnStIRF rEPTW 8 107,72292 FEET

CLOSJRE TIM; • 1,07321 SECINDS PER THOUSAnf PSI

ý14E qPALL SURrAnt SURFACE SURFACE LMWER

THTCKNFS5 PnSITTON VELOCITY ACCELERATION CAVITY
(IN GEER) BOUNDARY

ng .000 n0 0,000 .2,000 *o.- ***

"soot 0.033 a.007 j,947 7,95 13,74

0,006 M.066 0,028 .1,887 ,47 11.05

n.099 0,060 -l,822 3031 9148

t,023 0,131 0,.10 .1,751 ?173 A,38

0.036 0,164 00156 .",674 7,53

0,fl51 n,197 0,216 .14592 15 ,83

0,06 n n,230 0,2A2 .1,506 1,98 6.25

f,081 n,263 0,353 .1,414 1116 5.75

0,110 n,796 0,427 .1,318 t,76 5,31

0.•3 n@329 0,502 -1,217 1t,8 4,92

0,t61 ',362 0,577 01,112 1,62 4.57

t.19 n •,394 0.6'51 -1,003 t,57 4,25

0.221 n1427 01721 -0,890 1o52 3,96

m,253 n,460 0,787 .0,773 J:48 3,69

00287 n,493 0,846 -0,652 1,45 3,44

0,323 n,52 6  0,89d .o,528 1,42 3.21

0,361 n,559 0.941 -0,401 1,40 2,99

A.400 n,.92 0,973 -0,270 j1,7 2,79

0f4441 ,624 0*993 .0,137 j,35 2,60

.461'5 1600 0,000 j 13 2,42

0.506 ,n74 0,998 0,072 t,33 2,33
M,529 n4692 0,992 00145 j,32 2.25

0,553 6970 9  0,982 0,219 1,11 2,16

m,576 n,726 0,967 0,294 1,i0 2,08

0.600 00743 0.947 0,369 1,>9 2,00

11,625 n,760 09?3 0o,444 1,?9 1,92

0.650 0. 7 7 7  0.894 0,521 1,?8 1.84

0.675 nl,794 0.a86a0 0,598 :,17 1,77

Sr00 n,8t 2  0,820 0,676 ,770

0.726 ft.829 0,775 0,7514 j,6 j,63

M n,846 0072h 0,833 t,:6 1,56

f ,77 ; ,863 0.669 0,912 t,;5 149

n, 305 n,889 0,607 0o992 1,25 1,42
0.932 n ,897 0,539 1 0o73 1104 1 ,316

R,860 n,914 0,465 1,154 ll?4 1,30

j Ss n,93t 0,3A 1,235 10,3 t023

n0915 1,949 0,298 1,317 10:3 1.17

1943 n,966 o,2n5 1,400 it? 1,11

n 971 f,983 0.106 1,483 4,;2 1.06

1.000 1.000 -0.0010 1.566 1,•1 l.60



PAGE A42

SPALL DYNAMICS
HIGw PkrSSURE LIMIT ANALYSIS

WAVELENGTw a 562,34133 FEET
MLX14U4 SURFACE FXCURSJON a -6,91771 FEET PER THOUSANU PSI SOUAiED

rLmS[oRE DEOTH a 125,82708 FEET
CLOSJRE TIME a 1,14345 SECINnS PPR THOUSANn PSi

T14E SPALL SURFACE SURFACE qURFACE LOWER
THTCKNFSq POSITION VELOCITY ACCELERATION CAVITY

(IN GEER) BOUNDARY

n.000 0 ,006 0.000 -2,000
0.001 n o33 0,n-7 -1,952 6049 15,59
m flDflS n 066 0.0p7 -1 ,R98 3,94 12.51
0.013 n'0to 0.058 -1,837 ;,96 1b.72
n .023 n 133 0.100 -1,769 ?,47 9,46
0.035 M.166 0.152 .1,696 2,i7 8.48
m,050 n*199 0,210 -1,617 t,Q7 7,69
0.O4 n, 232 0,276 -1,533 l•3 7.02
M.087 M 266 0.346 -1,443 173 6,45
0.100 o,?90 0.419 -1 348 1,65 5,94
n.134 n 332 0.495 -1 247 1,58 5.49

169 0 3 6 5 0.570 -1 142 1,53 5,09
-,189 n,399 0,644 W1,032 1,48 4,72

0,221 M,431 o,715 -0o917 1,44 4.19
m.,52 ,465 O.7R2 -0,798 1,41 4,08
0.287 11,498 0,s4e -p0,675 Io8 3,79
q.323 n.531 0,895 -n,548 1,16 3,52
n,361 n, 564 0,939 00,416 1,14 3.28
M , .01 n ,597 0.972 -0,281 1,32 3.04
3,443 n 631 0.993 -0.142 1,30 2.82
M.48S M,664 1.000 0.000 1,?8 2.61
0.509 n,681 0.998 0,073 1,78 :?51
0,531 A,697 0,992 0,148 1,P7 2,42
0.554 n,714 C,982 0,223 1,26 2,32
i,579 M,731 0.967 0,299 1,P6 2.23
0.60? P,748 0.948 0,375 1l?5 2,14m.•62S n,765 o.924 0,453 121>5 2.00

0.650 n.781 0.895 0.531 1,74 1.96
""8,675 798 0.861 0,610 11,3 1.880. 701 n 815 0 .8OU 0,690 1113 1 .79

".726 m,832 0,777 0,771 1,02 1.71
09752 o0,49 0.727 0,852 1,02 1o64n,7791 mA66 0 ,671 0,934 1,!2 1,56

n,805 n'882 0.610 t,016 1,?1 1*48
0,932 M,899 0,542 1,100 1,71 1,41
" ,~q59 ". 916 0 .468 1 ,184 1 170 1.,34
M.S87 n ,933 0.3 87 1 9268 1 070 1.27
ft.,915 n '990 0.361 1 ,353 1,0 0 1 .20a
m,943 n,966 o.2n7 1,439 1,19 1.13
0.971 0o083 0.101 1,525 1,19 1,06
1.000 1,000 -0.000 1,612 lo8 1.00
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SPALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTH a 749,89421 FEET
MAY14U4 SURrACE EXCURSION*J .7,46873 FEET PEq THOUSAND PSI SOUARED

%LOSURE DEPTH a 146,76588 FEET
CLOSURE TIMF a 1s20940 SECONnS PER THOUSAND PSI

Tt4E qPALL SUHFACk SURFACE SURFACE LOWER
THNCKNFSR POSITION VELOCITY ACCELERATION CAVITY

(IN GVFW) BOUNOARY

"96000 .0OOn 0.000 "2,000
M,001 n,033 00n7  .1,957 6,nl 17,72
M,005 M,067 0,076 -1,907 3950 !4,20

n,013 melon 0,056 -1,850 ;90§ 12,15
n.,n22 n,134 0.097 -1,787 2,05 16,71
M,035 n,167 0,148 -1,717 2,oO 9,59
M,049 n.201 0,206 -1,640 1,13 4.68
mn67 n ,234 0,270 .1,558 W,71 7,91
M.1•5 rP68 0,340 .1,469 1,62 7.25

n t109 n 301 0.41J -1,375 1.55 6,67
m:133 n:335 0,4R8 -1,275 I,49 6,16

m#159 n 368 0,543 .1,170 1045 5,69I 189 n:402 0,63d .:,059 1,41 5,27

J.719 n.435 o,7n9 .0,943 a

M.251 n,469 0.777 .0,822 1ill 4,53

m,286 n0502 0,838 .0,696 j133 4,20
m,323 n*536 0,892 -0,566 11±1 3,89
n ,3661 n569 0,937 .0,43t t, 9 3.60
n,402 n,603 0.971 -0,292 j427 3,33
nm4 4 4  n,636 0,992 -o,14h j,26 3,08
n 489 0 617, n 1000 010 0 n 24 2,84
o.51o n,686 0,998 0,074 10•4 2,72
M,532 n.703 0.992 0,150 1 P3 2.61
n,555 n,719 0,982 0,226 t ,3 2,50
M4579 n,736 0,968 0o304 1,72 2,40

.n602 ti.752 0,949 0,382 1,12 2.29
S627 n,769 0.925 0,461 t,21 2.19

n 19 , 785 0,896 0,541 1,71 2.10
n 67s n,802 0.863 0,622 11'0 2,00
ft 701 n ,IA 0.84 G 703 t 20 1a91
m 0727 n,835 0,779 0 786 1#19 1,82

""0A752 5SI 0,729 0,869 j109 1,73
S,779 M,86A 0,674 0 954 1 19 1,64
n,0 M,884 0.612 1@039 1418 1,55
O.R3? n,901 01544 1,124 1o18 t.47
n,899 n.917 0.470 1,211 111.8 10,39
m n87 n.934 01390 1 298 1 17 1 31

"'715 m,95 O,3n3 1,386 t117 1,23
m,943 n,967 O.2n9 1,475 IgI7 t v5
M,971 ,983 0,10 1565 1116 i,07
I. 00 1,000 .0.0nO 1,65•1 j,6 1900



p AGE. A44

SPALL DYNAMICS
HIGH P~rSSURE LIMIT ANALYSIS

WAVELENIT'4 a 1000@00006 FEET
hqAI41U~4 SURFACF FXCURSION a -7,99464 FE~r PER fl4OUSANO PSI SQUJARED

CL()SfI.E r7EPTwx 170,97435 FF~ET
CLOSJRE TIMP x 1427075 SEC)NnS PER TI4OUSANr) PSI

T1ESPALL SURFACE SURFACE SURFACE Lf)WER
TICKNjFSq POSITION VELOCITY ACCELERATInN CAVITY

(IN GEE';) BOUNnARY

nn~oo m,034 Q,oo6 -01,962 5,,? 26.19
".0,05 n,067 0.025 .1,91.6 3,tJ 16,16

603 n'101 0,55 :t 863 2#42 13,81
#7.02 n. 1 50.9.1,a8o2 ? 16 2,1

n . 03 n4169 g,4 a1,735 1, q5 10.87
0,49 n202 0,201 -1,661 1471 9,82

0,065 f, 2 36 0,265 vi1,580 1141 8.94
045 n , 2 7 n OI34 -1,493 1 0 3 6,186

"* .1os n,0 0.407 -1,400 1147 7,52
0132 ý ,337 0,482 -1.300 1 1 42 6,92
1~5 9 n,371 0,557 -1,195 ilia 69,39

0% 40'5 ,632 -1nA4135.9

0,1 63 ,4 -n,967 1,12 15,46
ft2*n17 ,7 o,844 1110 15,04

0.286 n 506 0 1835 .0,76 1128 4,66
0.323 n,.540 04890 WOOSS3 1,;)6 4631

0.6 ,1373 00935 a0 ,444 1,75 3.98
06402 n,607 0,970 W0,301 11P3 3,66

0,45 r,,641 0,992 .00153 l,'2 3.37
"n,489 n,675 1,000 00000 1,21 3,09

0.1 ,69!1 0,998 o,,7r5 1.20 2.96
M,3 ,770992 0,1522 t~ 22e84

0,801 n,740 0,982 0,716 1,1.7 2.59
0,03 f,760,4 0,380 t~j I1t8 ,4

0,69? n,788 0.673 0,550 1,16j,8

#I?* n ,A70 0,676 0,972 1,s16 1.73
n,05 n, 66 0,614 1,059 1,16 1, 63
ftq0 .902 0,546 1,147 1,1.5 t5

"n.659 n,919 0,7 1 ,236 '1415 1044
"'118 f)935 0,392 10326 1,10 1.35

~,t.43 0,967 04i:10 1g58 ,14 1.07
o$971 11984 01109 1,601 1,14 1,09

11oo 1,000 -0.000 1,694 i,4 ,00



PAGE A45

SPALL DYNAMICS
HIG4 PRESSURE LIMIT ANALYSIS

WAVELFNGTW a 133,52143 FFET
MAXIU4 SUIJRFACE EXCURSION a w8,48813 FEET PER THOUSANV PSI SOUARED

CLMSI1RE DEPTW a 198,95529 FEET
CLOSURE TIMF 1 3,32733 SECINDS PFR THOUSANn PSI

T1IE SPALL SURFACk SURFACE SURFACE LOWER
TWTCKNESq POSITION VELOCITY ACCELERATION CAVITY

(IN GEES) BOUNDARY

ft,000 n O0n 0~ .2,),o02000

n n,034  0,006 -1,966 4 ,5 23,04
"0 00 i W 06R 0,024 -1,923 2,02 18,42
n.nI2 n.102 00554 .1R74 21p1 10,72
0,022 n,136 0,0Q3 -1,816 1091 13.82
n.034 ",170 0,141 -1,752 1,73 19,34
n,041 q,204 0,198 -1,680 i,60 11014
,0 66 n,238 0,261 .1,601 1,52 10.13

M.085 n,97P 0,329 -1,515 i045 9,26
0,107 0,305 0,40l .1,423 1,40 4,49

".,131 M,339 0.476 -1,324 I1.6 7.81
M,15'3 n,373 0,552 -1#2113 1033 7,19

M,186 n,407 0,627 .11106 isl0 6.63
n 217 f 441 0 7no -0 ,988 1 48 6,12

S•51 n 475 0,769 -0,864 I,'6 5,64

m a 5,.09 0,832 .01734 1 04 5,20
m,322 n,543 0,8A7 Zg598 j,•2 4,79
0,362 n.577 0,934 -0,457 4'1 4,41
n 403 n,611 0,949 -0,310 1120 4,05
S,446 M.645 0,992 .0,158 1 19 3,71
n 91 ns679 1 000 -0 000 1 18 3.39

0.512 n$695 0.998 0,076 jIj7 3.24
0 535 0,711 0,992 C 154 1,17 340

M4557 n$72 7  0.9A2 0,232 1,J7 2,96
M.580 n,743 0196#3 0,312 It6 2•.82

AS04 n,759 0,950 0o393 1j,6 2,69

n ,2, n 775 0,926 0 475 1 ,16 2,56
M,452 n,791 0.898 0,558 ilt5 2,43
M,67 7  n,807 0.865 0,642 1,15 2,31
M.702 nA23 0,8?6 0,727 145 2.19
"4,727 n 039 0,792 0,813 1414 2,07
m,753 n,855 01733 0,900 toJ4 1,95
m 779 M,872 0,671 0,989 1114 t,84 a,

0.,05 n ASS 0.616 1,078 1 14 1,73
p q3? n 904 0",48 1,168 i 13 1,62
""R59 n,920 0 474 1,259 1,3 t.51
M0887 n.936 0,393 1 351 1,13 1,40

""914 n,952 0.306 1,444 1,13 1,30
n.943 n.06 8  0,211 1,538 1,12 1,20
0097t n$984 0.109 1,633 1,12 Io0
1003 1o 000000 1,729 1,12 1600



PAGE A/,6

SPALL DYNAMICS
HIGH P=RSSURE LIMIT ANALYSIS

WAVFLENGT, * 1 7 7 8,7941 FEErwAWI'4UW )tcF F XCURS!ON * -8,94928 FEET PER THnUSAND PSI SQUAREDCLnSUOF nEDTW 231#,2994 FEETCLOS•RE TIMF 1.3 7 910 SECONDS PqR TNOUSANM PSI

T14E SPALL SUNFACL SURFACE SURFACE LOWERTH tCNFSS POSITION VELOCITY ACCELEqATION CA,'ITY

(IN GFE 'q) BOUNDARYn. 000 .oo00 00000 .20000n.0 01 n,03 4 0 ,0 16 01 ,969 4 ji2 26 ,3 360.,08 0.024 w1,930 P,56 21,03M.012 0.102 0.052 -1,884 2014 17,93
nn22 n.137 0.091 -1,829 1078 115,74
O,034 no17i 0.139 -1,767 1,42 14.05
0t,048 n,205 0,194 -1,697 1,52 12.67M.065 M,730 0,257 -1.619 1,44 I1.51
0j,084 n,.73 0,325 -1,535 1,39 10.50
n ,106 0'.3p7 0,397 -1,443 1,34 9,62ft1130 ft,341 0,471 .1,344 1,91 8,83
0,157 n,375 0,541 12,39 1,'8 842n,40186 ,41 0.622 -1,126 1,16 7.480,216 0,444 0,696 -11007 J,14 6,98/:250 n.47R 0,765 "0,882 

1,)2W -85 q 51? 0.8p9 -0,750 6,34
01322 D, 546 

15.•1=•83• I 367 0 .885 "0 ,612(1 
35 

,9T 0)46 
.90 403 q.614 0.969 -0,318 1,17 4,49

S,445 
0.648 0.992 

1417 4,74q.492•n,683 
1.000 "01000 1415 3,730.514 q,698 0.998 0,077 1,15 3.1560,51 n.7t4 0,992 0,156 1t14 3,24

O 1,730 0, 981 002 35 1 4 .3,245 1• 51 01,746 0.9(s9 0,316 1, 14 3 060 * n 0,762 0,950 0,398 1,14 2,930.629 n,778 0,927 0,481 1,14 2,93I I,65c n,794 0,899 0,565 7913 2,64"", 77 n,8al1 0.866 0,65t s 2., 702 A,825 0,828 0,737 1 0 3 2.360:727 0,841 0,7A4 0oA25 I q2 2,22
0,753 n,857 0,734 0,914 11,2 2,0908 779 n , 873 0,679 1,004 1,12 1.96
08909 M.889 0,617 %,jr95 l1,2 1,83
no .3? n,905 0,550 1,187 1,17
.8, 59 n ,921 0.475 1,280 1,1± 7,1)

0.887 (",937 0.39! 1,374 1111 1.46
0,914 4,952 0.307 1,469 1t11 1,34
m , 943 n,968 0,212 1,565 1,11 1.230,97t 0,984 00110 1,663 1)11 1.111,000 -,0,60o 1,761 1,l0 1,0

to, 0 t 9 0 a
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SPALL DYNAMICS
HIGH PMeSSURE LIMIT ANALYSIS

WAVELENGTH 2371,37371 FEET

MAY14U4 3URFACE FXCURSION -9,37549 FEET PEc THnUSANU PSI SQUARED

CLOSURE nEOTw 2 268,64923 FEET
CLOSURE TIMF P 1,42616 SECONDS PER THOUSANO PSI

TI•E SPALL SURrACE SURFACE SURFACE LOWER

THICKNESS PnSITION VELOCITY ACCELERATION CAVITY
(IN GEEq) BOUNDARY

0.000 nO00 0,000 .2,000

noo0l n,034 0,006 .1,972 31A7 36.13

no05 n,060 o,023 -1,937 ;) 14 24,04

M,10? n.13 0,051 .1,892 jA9 26,48

m.021 n,137 0,089 -1,840 1,67 17,97

n,033 n,171 0,136 -1,780 i153 16,02

M,045 n,206 0,191 -11712 1,44 14,43

n,fn6 5 n,240 0,25.5 -1,636 1 38 13,09

n,n8 4  n,?74 0,321 .1,552 1133 11,94
n~t0s n.309 0,1392 "1,461 1,?9 16.92

m,130 n,343 0,467 -1,363 1 -7 16,01

n,15S n,37 7  o,543 -1,257 1,:4 9,20
M,18i n,41? 0,618 -1,145 tP2 A,45
n.216 r,,446 0,692 "1,o25 1 ?0 7,77

n, 249  ,48fl 0,762 -0,898 1, 9 7,13
n,284 n,514 0,826 -0,765 1,18 6,55

m,32? n,549 0,8A4 .0,625 ItI6 6,00
m,36? n,583 0.931 .0,478 1,t6 5,49

n,403 n,617 0,968 -0,325 1,15 5,01
n.447 n,652 0,992 .0,166 1,14 4,55
m.493 n,686 1,000 -0,000 1,13 4,12

0,515 n,707 0,99 8  0,078 1,13 3,93

M.537 m,717 0,992 o,157 1,13 3,75

n,559 n,733 0,98i 0,238 1,12 3,57

n.58? m,749 0,969 n,319 1,12 3,39

M,605 n,764 0.950 0,402 1,t2 3,22
n,629 n,78n 0,927 0,485 1,12 3,05

f,653 M,796 0,900 0,572 I'll 2,88

m,677 n,812 0,867 0,659 1,1.1 2,72

M,70? n,827  0,828 0,746 I1tl 2,56
m,727 n,843 0,7P5 0,835 1,11 2,41

n,753 n,859 o,735 0,926 1,10 2,25
0.779 n,174 0.6fO t,017 1,10 2,10

M,905 nR89 0,619 1,110 1,40 1,96

11032 n,90 0,551 1,203 t,10 1.81
n.R57 n,921 0,477 1,298 1,to 1,67

n,4 8 7  n,937 0,396 1;394 1,10 1.53

M,914 n,953 0,3n8 1,491 1619 1.40
n,945 n.(69 0.213 1,590 1 ,9 1,26
n n1984 011U 1,689 1,n9 1,13

±,ooo 1,000 -0.00 1,790 m 9 1,00
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.PALL DYNAMICS
HIGH PRESSURE LIMIT ANALYSIS

WAVELENGTw a 3162,27766 FEET
MAXI4U4 SURFACE FXCURSION a -9.76628 FEET PER THOUSANU PSI SOUARED

rLnSIJ•F nEPTW a 3S1,8"845 FEET
CLOSURE TIMF a 1.46867 SECONnS PER THOUSANn PSi

TI4E SPALL SURFACE SURFACE SURFACE LOWER
THICKNESS POSITION VELOCITY ACCELERATION CAVITY

(IN GEEq) BOUNDARY

n n00 0.000 0.000 .2,000
M.001 n.034 OO6 .1,975 3,29 34,53
A.005 nc69 0,023 -1,942 2,15 27,52
M,012 n.103 0.050 -1,900 1,76 23.43
An21 n,138 O.OO -1,850 1,57 26.54
nn33 n.177 0,134 -1,792 1,46 18.30
n ,47 0.207 0.19 "1,725 1,38 16.47
0,064 n,:41 0,250 -1,650 1113 14,93

n 083 n,275 0.317 -1.568 1,P9 11,60
0.105 0.310 0.3.9 -1,478 1P75 12,43
0,129 n,344 0,463 1,380 t,'Z. 11,38
0,15 06,379 0,539 -1,274 11,1 10.44
"".184 n,413 0,615 -1,161 1,19 9,58

448 0,689 -1,041 ii7 8,79
f 240 n,482 0,7S9 so,913 1,16 A,06
0.284 n,517 0,824 .0,778 1115 7.38Si,322 .t551 0,892 -0,636 1,i4 6,75
9,362 n.0;5 0.930 -0,487 1,13 6,16

.404 "062n 0,968 .0,332 113 5.60
n,448 6,654 0,992 -0,169 1,12 5,08
p.494 0,68Q 1,000 0,000 1,l 4,58
n.515 n.704 0,998 0,079 1,ll 4,36
0,537 n,72o 0,993 0,159 1,1 4.15
M,560 n,731 0,98s 0,240 1,11 3.94
n,582 n,751 0,969 0,322 1,10 3.74
0,706 68767 0,951 0,406 1,10 3,54
0,629 n,782 01928 0,491 1,10 3135
0,633 n,79A 0,900 0,578 1,10 3.16
n,67• 9 81p 0.867 0,666 1,10 2,97
M,70? n l, 2 0.829 0,755 1,19 1,79
M'727 M1844 0,7A6 0,845 1,I9 2.61
m,753 nA6n 0,736 0,936 1,n9 2,44
M6779 n.A75 0.641 1,n29 1,n9 2,27

O.'05 n f91 0.6PU 1,123 IGO 2,10
0,932 r, 7p7 0,552 1,218 1 i9 t1.93
f.852 m,92? 0,478 1,315 ti8 1,77
n.9n.938 0,397 1,413 to8 1.61
n,914 n.953 0,309 1,511 1,8 1,45
M.94? n,969 0.213 1.612 1,im 1.30
0.971 n.984 0,110 1,713 1,8 1'15
1.000 1,000 p0,00 1,815 1,m8 1.00

S -- • - III I ii - - -
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SPALL DYNAMICS
HIGN PRESSURE LIMIT ANALYSIS

WAVELENGTH a 4216,96504 FEET
MAX14U4 SURFACF FXCURSI10' v -10,12204 FEET PER THOUSAND PSI SQUARED

CLnSI,4F flEPTW * 361,66345 FEET
CLOSJRE TIMF w 1,50687 SECONTnS PER THOUSAND PSI

T14E SPALL SURFACt SURFACE SURFACE LOWER
THICKNES. POSITTON VELOCITY ACCELEIAION CAVITY

(IN GEES) HOUNDARY

0,000 0.000 0.000 a24000

no01 01 ,35 0,006 .1,978 ,97 39 60
nl.00 5  n,069 0,022 .1,947 Ij98 3t,54
n.012 1104 0.0930 -1907 t,66 26,83
n 0 2 1 10,138 0 0s7 .1,859 1049 23,50
n n33 M.173 0,133 -1,802 1,39 26,92
t .047 0 a07 0,17 .,737 1033 18.62
M , n64 n,242 0,248 .,1o663 t 6:8 17,05
M,083 m,276 0,314 .1,582 1, 15 15,51
"t.105 n.311 0.3M6 .1,492 1 12 14,16
nt12; n.346 0.460 -1,395 14o0 1o,96
M.155 11,38n 0,536 .1C289 1lt8 11,87
n,184 n'415 0,612 -1,176 1,16 16,88
0,213 n, 44 0.6A6 w1q55 1 1 t5 9.97
M,248 n,484 0,757 .0,926 Jt4 9.13

m ?84 n ,18 0.822 -n,7 O 1.13 8,34
11,322 M'553 0,88, -0,646 1,12 7,61
M.362 n11587 0,930 -0,496 t1o1 6,93
0.404 n,622 0,967 -0,337 oi11 6,29
00449 n,657 0,991 -c,072 1,10 5,68
M.495 n.,691 1,000 04000 1.10 a3,1O
""50 n,707 0,998 a,079 1,10 4,86
flM535 n.722 0,993 0,160 I109 4,61
0.560 00737 0'983 0,242 11n9 4,38
0.583 l,75'3 0'9A9 0,325 1,09 4,15
M4,0S n.768 0,951 0,410 t.19 3,92
0l.630 n,784 0.928 0,496 1in9 3.70
6.653 n,799 0.901 0,583 11n8 3,48
0,679 n0815 0.86d 0,672 t1o8 3.27
S702 M ,830 0.830 0,762 1, 08 3,06
M .72a n . 846 0,786 0,853 1,08 2.85
n .751 n, 861 0,737 0,946 1 •8 ?,65
m,877; 1176 0,642 1,040 1tim 2,46
0n805 M6892 0,621 1.j35 tons 2,26
n,632 n.907 0o.55 1,232 1,17 2.07
11 g59 n,9.3 0,479 1,330 I 7 1,89

",gs86 n,938 0.39d 1,429 1107 1,70
""91o n,954 0.309 1,529 1,n7 1.52
0,942 n,969 0.214 1,631 1117 1035
n,971 n.985 0.111 1,734 jqn7 1.17
1.000 10cOn -0.000 1,838 tjM7 1.00
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SPALL DYNAMICS

HIGW PRESSURE LIMIT ANALYSIS

WAVELENGTH v 5623.41,326 FEET

MAX1iUO SIJRFACF FXCURSION s -10o44388 FEET PER THOIUSAND PSI SQUARED
CLnS1JQE DEPTH a 419,24847 FEET

CL.OSURE TIME a J,54104 SECONnS PER THOUSANn PSI

T14E SPALL SUMFACt SURFACE .LIPFACE LOWER
THICKNESS POSITION VELOCITY ACCELERATIOk CAVITY

(IN GEER) BJOUNDARY

0n,00 n,000 0,000 .2,000
M..001 o.o3o 10.6 -1,980 2,70 45,46

n.005 (1,069 0.022 -1,951 1105 36.18
n1.01? n,,10O4 0,049 -1 9:13 1096 3E.77

nfo21 n,139 0.086 .1:867 1042 26,93

0,p33 0,173 0,131 -1,811 1,34 23,96
n,4 7 (1.208 0a1MR -1,.747 1,18 21,54

g.063 o,243 0 245 .1,675 1124 19.49
2083 M277  0 312 1 T-94 1% 17074

0.104 I0 3tI -1 :505 1,19 16,17

0,129 m,347 0.457 -1:408 1107 1478
n.155 n 391 0,533 -1,302 1,15 13,52

fti83 n,416 0,609 -1,189 1,14 12,38
nl.214 n,451 0,6P4 -ljo67 o100 11.;3 r

m,249•, 485 0,755 .0,938 1,#12 06.36
"•2,83 m "520 0,821 -0,800 1,11 9.45

0,31 0~550,879 .0,655 1,18.61
362 0589 c,929 -0,503 1,lu 7,82
404 f 624 0.967 ,,0343 1,09 7.08

0644 ,659 0,991 -0,175 1,9 6,38
1.49: t69: 10000 "0:000 1,e8 5,71

0 50. 10 709 0,998 0,080 too$ 5,43

c.,539 0.724 0,993 0,161 1,08 n 5I,15
0,56t 0,739 0,953 0,244 ,0M8 4.88

053 n,,795 0.969 0,328 ifM8 4,61
n,606 1,770 0.951 0,413 it8 4,35

630 0.785 0.928 0,500 1 n7 4,10
0,6,4 n 080,901 0,588 1,n7 3.85

0679 ,816 0868 0,678 1 M7 3.61

0i,703 n 1831 0,830 02769 1 jM7 3,37

04724 0 ,47 0.787 0,861 t,7 3,13
0,753 0,862 0,738 0,955 1 7 .,.g

PO779 0.877 g,,6A3 1,050 ifn 2.67
68905 mR93 0,622 1,146 1 n6 2,45

n.832 �4908 0,554 1,244 JJR6 2.23

ft n,9 923 a.4.0 1,343 1 ,6 P,02
0o806 n 939 0,398 1,443 1106 6181.
80914 n ,954 0,310 1,545 ,n6 t,60
fi,942 m,969 0.214 1,648 jn6 1.40,

0,971 n,98s 06111 1,752 1 06 1,20

1.000 1.000 '0.000 1,858 1,n6 1.000

_- - - - - - - - - - - - - - - - -
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When the compressive shock from an underwater explosion intercepts the free
water surface, part of the shockwave energy is propagated into the overlying air and

part is reflected back into the water. Early acoustic theories failed to describe/

strain relationship for the water--including the ability of water to withstand con-
siderable tension. The analysis provided in tht. report assumes that the water can

4 withstand no substantial amount of tension, so that an incident shockwave causes a
surface layer of the water to rupture and spall upward. The region between the spall
and the underlying (relatively) quiescent water has long been termed the cavitated
region, and the entire process has been termed bulk cavitation.

The energy contained in the incident compressive shockwave is temporarily stored
in the kinetic and gravitational potential energy of the spall. When the spell falls

* ~back and impacts (water haimmers) the underlying water this stored energy is re-
emitted. The spalled interface behavior is essentially different from the earlier
acoustic interface picture, and the magnitude and shape of the pressure waves in the
overlying air and those generated in the water at the time of spall impact are es-
sentially different from that derived from the acoustic interface assumption. J

Thts report studies the mechanism of water rupture, cavitation, and spall forma-
tion; studies the dynamics of this spall and cavitated region; studies the dynamics
of spall impact and generation of secondary waves under water. The study concludes
with a discussion of the air bleast wave shape to be expected when the water surface
moves in accord with the spallation and cavitation picture.
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